Y \ POLITECHNIKA RZESZOWSKA
) im. Ignacego Lukasiewicza

‘ WYDZIAL CHEMICZNY

A

PRACA DOKTORSKA

Synteza 1 analiza aktywnosci biologicznej zmodyfikowanych
dendrymer6éw poliamidoaminowych generacji trzeciej podstawionych
wybranymi zwigzkami z grupy ksantonow, jako potencjalnych czynnikow

w terapii przeciwnowotworowej i przeciwnicieniowej

mgr inz. Joanna Drozdowska

Promotorzy pracy:
Prof. dr hab. Wojciech Rode
Dr hab. Lukasz Uram, prof. PRz

Rzeszow, 2022






Dziekuje Panu dr hab. Lukaszowi Uramowi, prof. PRz za wspolng naukowq droge, ktora
rozpoczela sie od pracy inzynierskiej, przez magisterskq i trwata az po doktorskq. Dzigkuje
za wprowadzenie w fascynujqcy swiat hodowli komorkowych, nauke metodyki pracy oraz
przekazang wiedze i doswiadczenie. Dzigkuje za wszelkie rady, uwagi i wiare w moje
umiejetnosci. Mito bede wspominacé nasze rozmowy i dyskusje podczas drogi do

Laboratorium w Albigowe;j.

Dziekuje Panu prof. dr hab. Wojciechowi Rode za poswigcony czas i energie podczas
opieki nad mojq pracq doktorskq, za dyskusje naukowe, wszelkie uwagi oraz doswiadczenie,
z ktorego mogtam czerpac podczas prowadzenia badan. Chce podzigkowac takze za
mozliwos¢é odbycia stazu w Instytucie im. M. Nenckiego w Warszawie, gdzie poznatam

techniki prowadzenia badan na organizmie modelowym nicieniu Caenorhabditis elegans.

Dzigkuje Panu prof. dr hab. inz. Stanistawowi Wotowcowi za przekazang wiedze,
doswiadczenie oraz nauke syntezy dendrymerow | prowadzenia pomiaréow NMR, a takze za

mozliwos¢ pracy w Profesora Laboratorium.

Dzigkuje pracownikom i doktorantom z Katedry Chemii Nieorganicznej i Analitycznej

oraz Katedry Polimerow i Biopolimerow za zZyczliwos¢ oraz milg atmosfere w pracy.

Dziekuje mojemu mezowi za nieustajgce wsparcie, wiare we mnie, dodawanie otuchy
w chwilach zwgtpienia, cierpliwos¢ oraz za pomoc W zachowaniu rownowagi miedzy pracq

a zyciem prywatnym.

Dziekuje moim rodzicom, rodzinie oraz przyjaciotom za wsparcie, wiare we mnie oraz

dopingowanie moich dziatan.






SPIS TRESCI

Wykaz powigzanych tematycznie artykuldw naukowych stanowigcych rozprawe

4 10) 0] ¢ NPT ROPRRPPRPPR 5
Streszczenie W jezyku POISKIM ......ccuiiiiiiiiiiicie e 7
Streszczenie W JeZyKu angielSKIM ......cuvviiiiiiiiieiiiic i 9
1. WProwadzenie tEOrELYCZNE ......ccueiveiieeieseecie e s e e et ae e et e e e 11
2. Cele NAUKOWE PIaCY ...c.ecveiieeieeiieciee it et te e te ettt e sta e sraente e snee e 23
3. CzeS8C ekSperymentalna ..........ccceeieiiiiieiii i 25
4. WyYNIKi DAAAN ..oviiiiiiicicc e 33
5. POUSUMOWANIE .....vviivieiiesiesieesieeiie s e ste et e stesseesseesteeseesseesteeneesseesteeneesseeseeneenneenes 41
6. BIDIOGIafia ...c.oooveiiiiii e 43
7. WYKAZ ryCin 1 TaDEI ..o 53
Wykaz osiggnie¢ naukowych doktoranta ............ccoceiiriiiiiiiiiiiiciceee e 55

Oswiadczenie doktoranta dotyczace merytorycznego i procentowego udziatu w

powstaniu artyKutow naukowych ..o 59
Oswiadczenia wspotautorow artykutow naukowych.........cccoiiiiiiii 63
Kopie artykutow naukowych stanowiacych rozprawe doktorska ..........cccocveiiiiicnnnnnn 77






Wykaz powiazanych tematycznie artykulow naukowych stanowigcych

rozprawe doktorska
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Streszczenie w jezyku polskim

Korzystne wtasciwosci biologiczne ksantonow wykazane w wielu badaniach in vitro oraz
in vivo potwierdzaja ich potencjal do zastosowania w terapii migdzy innymi chordb
nowotworowych, pasozytniczych, czy zakazen bakteryjnych. Jednakze cz¢stym
ograniczeniem tego typu zwigzkow sg ich stabe parametry farmakokinetyczne, ktore
uniemozliwiajag wprowadzenie ksantonéw do zastosowan klinicznych. Rozwigzaniem tego
problemu moze by¢ uzycie no$nikow lekow, na przyktad dendrymeréw poliamidoaminowych
(PAMAM), z ktorymi mozna zwigzaé czasteczke leku na drodze enkapsulacji badz
kowalencyjnie. Dendrymery PAMAM, bedace super-rozgatezionymi polimerami o wysokiej
biokompatybilnos$ci, pozwalaja usprawni¢ transport trudno rozpuszczalnych lekow,
zmniejszy¢ ich toksyczno$¢ oraz uzyska¢ efekt celowania w konkretne komorki, organella
badz szlaki metaboliczne. Duzym atutem dendrymeréw jest ich poliwalentnos$¢, pozwalajaca
na rownoczesne przylaczenie czasteczek leku, czasteczki adresujgcej, znacznika

umozliwiajacego obrazowanie lokalizacji tych nanoczastek oraz innych ligandow.

W niniejszej pracy po raz pierwszy opracowano koniugaty dendrymeru PAMAM
generacji trzeciej (G3) z kowalencyjnie przylaczong a-mangostyng lub vadimezanem.
Wyboru tych dwéch zwigzkéw dokonano na podstawie badan toksyczno$ci grupy o$miu
ksantonow przeprowadzonych na dwoch liniach ludzkich komorek nowotworowych:
komorkach raka plaskonablonkowego z jezyka (SCC-15) 1 komorkach glejaka
wielopostaciowego 1V stopnia (U-118 MG) oraz poréwnawczo na komorkach prawidtowych
fibroblastow skornych linii BJ. Zsyntezowano szereg koniugatow dendrymerowych,
w ktorych reszty a-mangostyny (M) lub vadimezanu (V) przylaczono za pomocg wigzan
amidowych lub estrowych. Dodatkowo, jako czynnik zwigkszajacy wychwyt i kierujacy do
wybranych komoérek nowotworowych zastosowano biotyne (B), a pozostate wolne grupy
aminowe na powierzchni nosnika zmodyfikowano resztami a-D-glukoheptono-1,4-laktonu
(gh) w celu zmniejszenia natywnej cytotoksycznosci dendrymeru. Otrzymano koniugaty
amidowe o r6znym stopniu postawienia resztami a-mangostyny: G3281205M graz G32B100h17M
a takze koniugat estrowy G39'?B5M_ Zsyntezowano analogiczne koniugaty z vadimezanem:
G32B120h5Y graz G39MB5Y, Zwigzki G3%B120h oraz G39" stanowity kontrole w postaci nosnika,
odpowiednio dla koniugatoéw amidowych oraz estrowych. Badania in vitro oraz in vivo na
organizmie modelowym C. elegans wykazaly brak toksycznosci i dzialania
antyproliferacyjnego tych nosnikow. Przylaczenie reszt a-mangostyny do dendrymeru

G32B120h jstotnie zwickszylo aktywno$é biologiczng zwiazku w zaleznoéci od stopnia
;



podstawienia, osiggajac nawet 25-krotne wzmocnienie dziatania cytotoksycznego
w przypadku koniugatu G32B109"7M Efekt wzmocnienia obserwowany byt w przypadku
kazdego z badanych parametréw komorkowych (poziom ATP, aktywnos$¢ kaspaz
wykonawczych, stopien proliferacji i adhezji komorek) a takze byt widoczny w postaci
spadku poziomu zywotnosci nicienia C. elegans. Koniugaty dendrymeru z amidowo
przylaczona o-mangostyna dodatkowo wyznakowano fluorescencyjnie, co pozwolito
wykazaé, ze zwigzki te wnikaty do badanych komorek i1 byly zlokalizowane w pecherzykach
endocytarnych oraz cze¢sciowo w mitochondriach. Poréwnujac aktywno$¢ amidowych oraz
estrowych koniugatow o-mangostyny, zastosowanie obu typéw wigzan zwigkszyto
aktywno$¢ zwiazku, jednak silniejsze dziatanie wobec kazdego z badanych parametrow
uzyskano stosujac wigzania amidowe. W przypadku vadimezanu, ktéry nie wykazat
toksyczno$ci wobec badanych komorek i nicienia, przytaczenie zwiazku do dendrymeru za
pomoca wigzania estrowego nie zwigkszylo jego aktywnosci. Natomiast uzyskano stabe,
selektywne  dziatanie  antyproliferacyjne = vadimezanu  wobec  komodrek  raka
ptaskonablonkowego, ktore zostalo zwielokrotnione poprzez przylaczenie zwigzku

wigzaniem amidowym do no$nika G32B129h,

W prezentowanej pracy przedstawiono rowniez wptyw wielkos$ci oraz potencjatu zeta
koniugatow na badane parametry biologiczne. Na podstawie analizy pomiaréw DLS oraz
testow in vitro i in vivo mozna sformutowaé wniosek, ze zastosowanie wigzan amidowych,
czeSciowe zablokowanie powierzchniowych grup aminowych oraz zwigkszona $rednica
i dodatni potencjat zeta, moze stanowi¢ zestaw modyfikacji dendrymeru PAMAM G3

niezbedny do zastosowania zwigzku jako efektywnego nosnika lekdw.

Podsumowujac, niniejsza praca doktorska dostarczyta informacji na temat dziatania
przeciwnowotworowego i przeciwnicieniowego a-mangostyny, ktére moze zostaé
wzmocnione poprzez zastosowanie nosnika w postaci odpowiednio zmodyfikowanego
dendrymeru PAMAM G3. Opracowane nosniki pozostawaty nietoksyczne wobec badanych
komorek 1 nicieni, a aktywno$¢ przeciwnowotworowa oraz przeciwnicieniowa koniugatow
byta wynikiem dzialania transportowanego zwiazku. Przedstawione badania na komorkach
oraz C. elegans pozwalaja stwierdzié, ze otrzymane Koniugaty a-mangostyny z no$nikiem
dendrymerowym moga stanowi¢ nowe potencjalne terapeutyki do zastosowania w leczeniu

choréb nowotworowych oraz zakazen nicieniowych.



Streszczenie w jezyku angielskim

The favourable biological properties of xanthones demonstrated in many in vitro and in
vivo studies confirm their potential for use in cancer therapy and bacterial or parasitic diseases.
However, a common limitation of these types of compounds is their poor pharmacokinetic
parameters, which prevent xanthones from being introduced into clinical use. The solution to
this problem may be the use of drug carriers, for example poly(amidoamine) (PAMAM)
dendrimers, to which the drug molecule can be covalently attached or encapsulated. The
PAMAM dendrimers, which are hyper-branched polymers with high biocompatibility, allow
to improve the transport of sparingly soluble drugs, reduce their toxicity and achieve the effect
of targeting specific cells, organelles or metabolic pathways. A great advantage of dendrimers
is their polyvalence allowing for the simultaneous attachment of drug molecules, a targeting
molecules, a marker enabling the imaging of the location of these nanoparticles, and other

ligands.

In this study, the third generation PAMAM dendrimer (G3) conjugates with covalently
attached a-mangostin (M) or vadimezan (V) were developed for the first time. These two
compounds were selected on the basis of toxicity studies of a group of eight xanthones
performed on two human cancer cell lines: squamous cell carcinoma cells from the tongue
(SCC-15) and grade IV glioblastoma multiforme cells (U-118 MG), and comparatively on
normal skin fibroblast cells (line BJ). A number of dendrimer conjugates were synthesized
with a-mangostin or vadimezan attached by amide or ester bonds. Additionally, biotin (B)
was used as a targeting molecule to cancer cells, and the remaining free amine groups on the
carrier surface were modified with a-D-glucoheptono-1,4-lactone (gh) to reduce the native
dendrimer cytotoxicity. The amide conjugates with different amount of a-mangostin
G32B120h5M and (G32B100h17M a5 well as the ester conjugate G39"2B5M \yere obtained. The
equivalent conjugates were synthesized also with vadimezan: G3?B120h5V and G39MB5V, The
G32B120h and G39" compounds were vehicle control for amide and ester conjugates,
respectively. In vitro and in vivo studies on the C. elegans model organism revealed the lack
of toxicity and antiproliferative effect of these vehicles. The attachment of a-mangostin to
G32B12dh dendrimer significantly increased the biological activity of this compound depending
on the degree of the dendrimer substitution by xanthone, with a 25-fold enhancement of the
cytotoxic effect obtained in the case of the G32B109h17M conjugate. The boost effect was
observed for all studied cellular parameters (ATP level, activity of executioner caspases,
degree of cells proliferation and adhesion) and was also visible as a decrease in the level of
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C. elegans viability. The dendrimer conjugates with amide-bonded o-mangostin were
additionally fluorescently labeled, which allowed to show that this compounds penetrate into
the tested cells and accumulate in endocytic vesicles and partially in the mitochondria.
Comparing the activity of the amide and ester a-mangostin conjugates, the use of both types
of bonds increased the activity of the compound, but a stronger effect on each of the tested
parameters was obtained in case of using amide bonds. In the case of vadimezan, which
showed no toxicity against the tested cells and nematodes, the attachment to the dendrimer
via an ester bond did not improve its activity. However, a weak selective antiproliferative
activity of vadimezan against squamous carcinoma cells was obtained, which was multiplied

by attaching the compound to the G328129" vehicle by amide bond.

The presented study also indicated the influence of the size and zeta potential of the
synthesized conjugates on the tested biological parameters. Based on the analysis of DLS
measurements and performed in vitro and in vivo studies, it can be concluded that the use of
amide bonds, partial blockade of surface amine groups, and increased diameter and positive
zeta potential may constitute a set of PAMAM G3 dendrimer modifications necessary for the

use of the compound as an effective drug carrier.

To sum up, this PhD thesis provided information on the anticancer and antinematode
activity of a-mangostin that can be strengthened using an appropriately modified PAMAM
G3 dendrimer vehicle. The developed carriers remained non-toxic for studied cells and
nematodes, and the anticancer and nematocidal activity of conjugates was the result of the
mechanism of action of the transported compound. The presented studies allow to state that
the obtained a-mangostin conjugates with a dendrimer carrier may be the new potential drugs

for the treatment of cancer and nematode diseases.
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1. Wprowadzenie teoretyczne

Zwiazki pochodzenia naturalnego posiadaja szereg korzystnych wlasciwosci
biologicznych, dzigki ktorym znalazty zastosowanie w przemysle farmaceutycznym [1],
kosmetycznym [2], rolniczym [3], a takze nanotechnologii [4]. Struktura takich zwigzkow
stanowi punkt wyjsciowy do tworzenia licznych pochodnych o zmienionych, czesto
korzystnych wtasciwosciach, jak rowniez do syntezy biopolimerow [5]. Na przestrzeni blisko
czterech dekad (w latach 1981 — 2019) prawie 42% nowo wprowadzonych do obrotu lekow
stanowily zwigzki pochodzenia naturalnego lub ich syntetyczne pochodne, ktére znalazty
zastosowanie w terapii chorob nowotworowych, chorob uktadu krazenia, cukrzycy, hemofilii
i wielu innych [6]. Potowa nowych substancji o wlasciwosciach przeciwbakteryjnych zostata
opracowana na bazie zwigzkoéw naturalnych, co jest istotne ze wzglgdu na rosnacy problem

antybiotykooporno$ci patogenéw bakteryjnych [6,7].

Na szczegolng uwage zasluguja ksantony, bedace grupa ponad 1200-stu
scharakteryzowanych, heterocyklicznych — zwigzkow  naturalnych, ktoérych  cecha

charakterystyczng jest obecno$¢ pierscienia dibenzo-y-pironu (9H-ksanten-9-on) (Ryc. 1).

O

LI JC

Ryc. 1. Struktura chemiczna czgsteczki ksantonu (9H-ksanten-9-onu) [wiasne, na podstawie [8]].

Wigkszos¢ przedstawicieli tej grupy (48%) mozna znalez¢ w ro$linach z rodziny
kluzjowatych (Clusiaceae Lindl.), gdzie wyst¢puja jako metabolity wtorne [8]. Mangostan
wiasciwy (Garcinia mangostana L., Clusiaceae), drzewo z rodziny kluzjowatych, jest bogaty
w izoprenylowane ksantony, wsrod ktorych najlepiej poznane sa: a-, B-, y-mangostyna,
gartanina, 8-deoksygartanina oraz garcynon C i D [9]. Owocnia mangostanu (Ryc. 2A) byta
wykorzystywana w medycynie tradycyjnej w Azji Potudniowo-Wschodniej w formie masci,
naparéw, a takze nalewek do leczenia stanéw zapalnych, wrzodow, biegunki, infekcji skory

i ran [10].
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Ryc. 2. (A) Owocnia mangostanu [11] oraz (B) struktura chemiczna a-mangostyny [wiasne, na
podstawie [12]].

Wiele wspotczesnych badan in vitro oraz in vivo pokazuje, ze zwiagzki z grupy ksantonow
posiadaja roznorodne wlasciwosci biologiczne: antyoksydacyjne, przeciwzapalne,
przeciwbakteryjne, przeciwgrzybicze, przeciwmalaryczne oraz przeciwnowotworowe [13-
16]. Ponadto podczas badan klinicznych pierwszej fazy, przeprowadzonych na zdrowych
ochotnikach stwierdzono, ze formulacje na bazie mangostanu znaczaco zwigkszaja zdolno$é
antyoksydacyjng organizmu oraz poprawiaja funkcje uktadu odpornosciowego, nie

powodujac skutkow ubocznych [17,18].

Najwiecej uwagi, ze wzgledu na korzystne wlasciwosci przeciwnowotworowe, poswieca
si¢ obecnie a-mangostynie (1,3,6-trihydroksy-7-metoksy-2,8-bis(3-metylbut-2-en-1-yl)-9H-
ksanten-9-on), ktora najobficiej wystepuje w owocni mangostanu [19]. W swojej strukturze
(Ryc. 2B) a-mangostyna posiada trojpierscieniowy rdzen ksantonowy, podstawiony dwiema
grupami izoprenylowymi w pozycji C2 i C8, trzema grupami hydroksylowymi w pozycji C1,
C3 i C6 oraz jedng grupa metoksylowa w pozycji C7. a-Mangostyna swoja aktywno$é
biologiczng zawdzigcza przede wszystkim obecnosci grup izoprenylowych oraz
hydroksylowych,  ws$rod  ktorych  najwigksze  znaczenie  dla  wlasciwosci

przeciwnowotworowych ma grupa izoprenylowa przy weglu C8 [20,21].

Mechanizm dziatania przeciwnowotworowego o-mangostyny jest wielotorowy i na
poziomie komorkowym opiera si¢ gtownie na (i) hamowaniu proliferacji komorek
nowotworowych [22], (ii) zatrzymaniu ich cyklu komérkowego [23], (iii) indukcji apoptozy
[24] oraz (iv) hamowaniu procesow angiogenezy [25]. Na poziomie organizmu skutkuje to
spowolnieniem lub zatrzymaniem wzrostu guza [26] oraz ograniczeniem czestosci
przerzutowania do innych narzadéw [27]. Przedstawiona aktywnos$¢ a-mangostyny zostala
potwierdzona w badaniach komoérkowych in vitro oraz na mysich modelach wielu typoéw
nowotworow, migdzy innymi: pluc [28], trzustki [26,29], piersi [30], jelita grubego [31,32],
skory [25] oraz krwi [33].
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Powaznym ograniczeniem dla zastosowania a-mangostyny w farmakoterapii jest jej niska
rozpuszczalno$é w wodzie, wynoszaca 2,03 x 104 mg/L w 25 °C [34]. Powoduije to przede
wszystkim staba absorpcje oraz niska biodostgpnos¢ leku w organizmie po podaniu
doustnym, zwigzang z intensywna eliminacjg leku w ramach efektu pierwszego przejécia [35].
W przypadku podania dozylnego a-mangostyna podlega szybkiej eliminacji z krwi,
a nastgpnie akumulacji w tkankach, gléwnie w nerkach, watrobie, jelicie cienkim i ptucach
[36].

Vadimezan (kwas 5,6-dimetyloksantenon-4-octowy, DMXAA, ASA404) posiada duzo
prostsza struktur¢ (Ryc. 3) niz a-mangostyna i pozbawiony jest przede wszystkim grup

izoprenylowych przytaczonych do pierscienia ksantonowego.

o)

CH3 o) ‘

CHs o)
OH

Ryc. 3. Struktura chemiczna vadimezanu [wlasne, na podstawie [37]].

Vadimezan zaliczany jest do grupy zwiazkoéw zaburzajacych struktur¢ naczyn
krwiono$nych w obrgbie guzoéw nowotworowych (VDA, ang. vascular disrupting agent),
przez co wykazuje wysoki potencjat dziatania przeciwnowotworowego zwtaszcza wobec
nowotworow zto§liwych, zdolnych do tworzenia przerzutéw. Posrednim skutkiem dziatania
vadimezanu jest takze aktywacja wrodzonej odpowiedzi immunologicznej, ktora prowadzi
miedzy innymi do produkcji cytokin prozapalnych i tlenku azotu oraz do zaburzenia
metabolizmu energetycznego komoérek guza [37]. Wyniki badan in vitro oraz in vivo
vadimezanu byly na tyle obiecujace, ze zwigzek trafit do etapu badan klinicznych, ktore
jednak zakonczyty si¢ niepowodzeniem w |11 fazie, przez co zwigzek nie zostat zatwierdzony
jako lek [38]. Pomimo porazki vadimezanu jako czynnika VDA, podejmowane sg dalsze
proby wykorzystania jego pozostatych wilasciwosci i zastosowania go zarowno w wolnej

postaci, jak i z odpowiednim nosnikiem [39].

W celu poprawy wilasciwosci farmakokinetycznych oraz biodystrybucji stabo
rozpuszczalnych lekdow, przy roéwnoczesnym zachowaniu ich aktywnosci biologicznej,
wykorzystuje si¢ systemy dostarczania bazujace na nosnikach. Stosuje si¢ glownie

nanoczastki, a takze nanomicele, nanokrysztaty, nanorurki weglowe, hydrozele lub nos$niki
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krzemowe. Transportowany zwigzek moze by¢ fizycznie enkapsulowany w nosniku,
zaadsorbowany na jego powierzchni, a takze zwigzany kowalencyjnie lub na zasadzie
oddzialywan elektrostatycznych [40]. Oprocz poprawy parametrow farmakokinetycznych,
zwigzanie leku z no$nikiem pozwala na zwigkszenie jego stabilno$ci oraz ukierunkowany
transport do miejsca docelowego, ktoremu towarzyszy¢ bedzie kontrolowane, spowolnione
uwalnianie. Dzigki temu zwiagzek dociera do miejsca przeznaczenia w terapeutycznym
stezeniu, a skutki uboczne zwigzane z ogo6lnoustrojowa toksycznosciag wobec prawidlowych
tkanek sg znaczaco ograniczone [41]. Ukierunkowany transport lekéw jest podstawowym
elementem terapii celowanej, ktora stanowi obiecujagca metode leczenia chordb

nowotworowych oraz innych schorzen.

Systemy transportu oparte na nanono$nikach projektowane sg takze dla a-mangostyny
I maja na celu zwigkszenie jej aktywno$ci przeciwnowotworowej, selektywnosci oraz
poprawg parametrow fizykochemicznych w poréwnaniu ze zwigzkiem w wolnej postaci.
W literaturze opisano przyktady zastosowania migdzy innymi nanowtdokien [42], nanomiceli
[43], liposomoéw [44], a takze nanoczastek polimerowych (wytwarzanych z polimerow

naturalnych i syntetycznych) [45-47], lipidowych [48] oraz nanoczastek ztota [49].

W prezentowanej pracy zaproponowano uzycie dendrymeru poliamidoaminowego
(PAMAM) jako nosnika dla a-mangostyny oraz vadimezanu. Dendrymery to globularne
makroczasteczki 0 wysoce rozgalezionej, trojwymiarowej strukturze przypominajacej
drzewo (Ryc. 4), ktoremu zawdzigczajg swojg nazwe (W jezyku greckim ,,dendron” oznacza
drzewo, ,,meros” oznacza cze$¢). Osiagaja $rednice w zakresie 1-100 nm. Rdzen struktury
dendrymeru stanowi atom lub czasteczka, od ktorego odchodza powtarzajace si¢

rozgalezienia tworzace dendrony, na ktorych powierzchni obecne sg grupy funkcyjne [50].

Wolna
przestrzen

Grupy
powierzchniowe

Dendron

Ryc. 4. Schematyczne przedstawienie struktury dendrymeru [[51], zmienione].
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Przewaga dendrymeréw nad konwencjonalnymi polimerami liniowymi jest $cisle
zdefiniowana struktura, z wielko$cig i monodyspersyjnoscia zblizong do bialek; obecnos¢
licznych, tatwych do modyfikacji grup funkcyjnych na powierzchni; obecnosé¢
wewnatrzczasteczkowych jam pozwalajacych na enkapsulacj¢; wysoka rozpuszczalno$é
w wodzie; poliwalentno$¢; biokompatybilno$¢ oraz relatywnie niska immunogenno$¢.
Dodatkowo globularny ksztatt dendrymeréw pozwala na ich wydajne wnikanie do komorek
tacznie z uzyskaniem efektu celowania, zmniejszony wychwyt przez makrofagi, a takze tatwe
przechodzenie przez bariery biologiczne na drodze transcytozy [52]. Wymienione
wilasciwosci dendrymerow sprawilty, ze sa one intensywnie badane i ulepszane przede
wszystkim jako no$niki lekéw w terapii chorob nowotworowych [53], chordb
neurodegeneracyjnych [54], choroby zwyrodnieniowej stawow [55], ale takze jako nos$niki
innych substancji biologicznie aktywnych, uzytecznych w terapii genowej [56], terapii
fotodynamicznej [57], inzynierii tkankowej [58] oraz jako nosniki czynnikéw kontrastowych
stosowanych w réznych technikach obrazowania [59]. Dendrymery okazaly si¢ rowniez
pomocne jako adjuwanty w szczepionkach, zwigkszajac dzialanie immunostymulujagce

niskoczasteczkowych antygenow [60].

Dendrymery otrzymywane sg metodami, ktore pozwalaja na petng kontrolg ich struktury
na kazdym etapie syntezy. Najcze$ciej stosowanymi sg metoda rozbiezna oraz metoda

zbiezna (Ryc. 5).

A Dendrymer drugiej
Dendrymer pierwszej generacji
generacji
Rdzen ® ®
®.® ® @ Naprzemienne powtarzanie
®  Aktywacja Sprzeganie Aktywacja Sprzeganie reakeji aktywacji i sprzegania
® ®
& ® ® e ,
+3 ® ® +06 ® ®
® ®
® @
Monomer Monomer ® ®
. Dendron
'(;rupa. generacji zero
powierzchniowa
“ ®

N 2 Sprzgganie Dendrymer

® ® generacji drugiej

Monomer
oo\
et Dendron : &
; generacji pierwszej
@ —
€ ? € ?
e € ) I3
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Ryc. 5. Uproszczony schemat syntezy dendrymerow metodq (A) rozbiezng oraz (B) zbiezng
[[61], zmienione].

15



Metoda rozbiezna opracowana przez Tomali¢ i Newkome’a, polega na ,,wzroscie”
dendrymeru od wielofunkcyjnego rdzenia do obrzezy polimeru i na naprzemiennym
powtarzaniu dwoch reakcji: aktywacji grup koncowych rdzenia (lub grup koncowych
monomeru w dalszych etapach syntezy) oraz przylgczania czasteczki monomeru.
Przytaczenie monomeru do rdzenia pozwala otrzymac generacje pierwszg dendrymeru (G1),
po czym aktywacja grup funkcyjnych G1 i kolejne przytaczenie nowej czgsteczki monomeru
prowadzi do powstania generacji drugiej (G2) i tak dalej. Ogdlnie rzecz ujmujac, kazda nowa
warstwa rozgal¢zien daje nowg generacje [61]. Metoda rozbiezna w stosunkowo szybki
sposob pozwala uzyska¢ wysoce symetryczne dendrymery, przy czym ze wzgledu na
ograniczenia wywotane zawada steryczng oraz ryzyko uzyskania zdeformowanych
rozgalezien najwyzsza generacjg, jaka mozna otrzymaé komercyjnie, jest generacja dziesiata
0 srednicy 13,5 nm. Jedynie w skali laboratoryjnej zsyntezowano dendrymer triazynowy
generacji trzynastej, ktory pozostawat stabilny w warunkach zmiennego pH, temperatury

I polarnosci rozpuszczalnika [62].

Alternatywnym sposobem jest metoda zbiezna, zaproponowana przez Fréchet’a
i Hawker’a w 1990 roku, w ktorej synteza prowadzona jest od powierzchni do wnetrza
dendrymeru, réwniez poprzez naprzemienne powtarzanie reakcji sprzegania oraz aktywacji.
W pierwszym etapie grupy powierzchniowe (zwykle dwie) przylaczane sa do monomeru,
ktory nastepnie ulega aktywacji i reaguje z kolejnym monomerem, tworzac dendron generacji
pierwszej, tzw. klin dendrytyczny. Procedura moze by¢ powtarzana kilkakrotnie w celu
otrzymania bardziej rozgat¢zionych dendronow wyzszych generacji, ktore w ostatnim etapie
syntezy zostang przytaczone do wielofunkcyjnej czgsteczki rdzenia [61]. Strategia syntezy
zbieznej pozwala na wigksza kontrolg struktury dendrymeru oraz na otrzymanie produktu
0 wyzszej czystosci niz metoda rozbiezna. Ponadto, poprzez faczenie dendrondéw o roznej
strukturze, mozliwe jest otrzymanie dendrymeréw asymetrycznych, charakteryzujacych si¢
niejednorodna morfologia [63]. Powaznym ograniczeniem metody zbieznej jest fakt, ze
z zadowalajaca wydajno$cig mozna otrzymacé tylko dendrymery nizszych generacji. Z tego

powodu w komercyjnej produkcji dendrymeréw preferowana jest metoda rozbiezna [64].

Metody syntezy dendrymerow sg stale rozwijane, dzigki czemu powstaja nowe strategie
takie jak technika podwojnego wzrostu wyktadniczego, dwustopniowa metoda zbiezna
(podejscie  hiperrdzeniowe), metoda hipermonomeréw (podejécie  rozgalgzionych

monomerow), a takze metody oparte na clik-chemistry” [65,66].
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Dendrymery poliamidoaminowe (PAMAM) zostaly po raz pierwszy zsyntezowane
w latach 80-tych XX w. przez Donalda Tomali¢ metoda syntezy rozbieznej. Rdzen
dendrymeru  PAMAM stanowi diamina (najczgéciej stosowane sa etylenodiamina,
diaminododekan, diaminoheksan oraz diaminobutan), do ktorej w reakcji addycji Michael’a
przylaczany jest akrylan metylu, po czym nastepuje amidacja nadmiarem etylenodiaminy.
Jezeli synteza zostanie zakonczona na etapie reakcji addycji akrylanu metylu powstanie
dendrymer generacji potowkowej z powierzchniowymi grupami karboksylowymi. Jesli zas
zakonczenie nastgpi na etapie amidacji etylenodiaming otrzymany zostanie dendrymer
generacji pelnej z grupami aminowymi na powierzchni. Reakcje addycji Michael’a oraz
amidacji prowadzone sg naprzemiennie, az do osiggni¢cia makroczasteczki 0 pozadanej
wielkosci, architekturze oraz charakterze grup koncowych, determinujgcych whasciwosci
fizykochemiczne polimeru [63,67]. Wielkos¢, ciezar czasteczkowy, tadunek
powierzchniowy, hydrofobowos¢ oraz obecnos¢ dodatkowych ligandéw na powierzchni
dendrymeru majg ogromny wplyw na jego farmakokinetyke [68]. Niezwykle istotng cechg
dendrymerow PAMAM w kontekscie zastosowania ich jako systemow transportu lekow jest
mozliwos$¢ szczegblowego dopasowania wymienionych parametrow do rodzaju terapii,
sposobu dostarczania, rodzaju tkanki, w jakiej maja si¢ akumulowac, czy pozadanego efektu
terapeutycznego. Takie profilowanie pozwala na uzycie tych nanoczastek w terapii

spersonalizowanej.

Wielkos$¢ czasteczki dendrymeru PAMAM, ktora zwykle jest wyznaczana poprzez
pomiar $rednicy, osiagga wartosci w zakresie 1,1 — 15 nm, przyrastajac liniowo o okoto
1 nm z kazdg generacja. Dendrymery nizszych generacji (ponizej G3) cechujg si¢ wigkszg
elastycznoscig oraz elipsoidalnym ksztaltem, podczas gdy wyzsze generacje przybieraja
ksztalt sferyczny ze S$ciSle zdefiniowang wewnetrzng architekturg. Na wielko$¢
makroczagsteczki  dendrymeru mocno  wplywa polarno$¢  rozpuszczalnika.  Silne
oddziatywania rozpuszczalnika z czgsteczka dendrymeru powoduja zwigkszenie $rednicy
hydrodynamicznej polimeru, natomiast stabe oddzialywania prowadza do zwigkszenia
gestosci struktur wewnetrznych dendrymeru i zmniejszenia jego $rednicy [69]. Wielkos¢
czasteczki dendrymeru wplywa réwniez na biodystrybucje, dlugo$¢ utrzymywania si¢
W 0soczu oraz czas eliminacji z organizmu. Czasteczki o $rednicy ponizej 3 nm (generacje
G0-G2) tatwo przenikaja do krwioobiegu, skad rozprowadzane sg po calym organizmie,
a nastepnie usuwane przez nerki. Natomiast wigksze czasteczki o $rednicy do 12 nm
charakteryzujg si¢ zwykle wydluzonym czasem przebywania w Kkrwioobiegu oraz

spowolniong eliminacjg przez watrobg i nerki [70]. Dendrymery najwyzszych generacji
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(powyzej G10) sa wydajniej wychwytywane i usuwane przez komorki uktadu
immunologicznego, ponadto nie sg w stanie przekroczy¢ bariery krew-guz (BTB —ang. blood

tumor barier), ktora jest przepuszczalna dla makroczgsteczek o srednicy do 12 nm [68].

Wraz ze wzrostem generacji dendrymerow PAMAM rosnie ich stabilno$¢ metaboliczna,
jednak z drugiej strony zwigksza si¢ rowniez ich cytotoksycznos$¢. Jest to $cisle zwigzane
z liczba oraz charakterem koncowych grup funkcyjnych polimeru, ktore determinujg jego
tadunek powierzchniowy. Grupy aminowe nadajg czasteczce dendrymeru charakter
polikationowy, grupy karboksylowe — polianionowy, natomiast grupy hydroksylowe —
obojetny. Dendrymery PAMAM obdarzone tadunkiem powierzchniowym ujemnym lub
neutralnym wykazujg istotnie nizszg cytotoksyczno$¢ oraz stabszg przenikalnos$¢ przez btony
komorkowe niz dendrymery z tadunkiem dodatnim [71]. Obecno$¢ dodatniego tadunku na
powierzchni czasteczki dendrymeru pozwala na jej oddziatywanie z ujemnie natadowanymi
btonami komoérkowymi oraz biatkami, co z kolei wptywa na szybko$¢ wychwytu oraz rodzaj
mechanizmu wnikania do komorki. Jednakze oddziatywanie polikationowych dendrymerow
PAMAM wyzszych generacji powoduje dezintegracje blony komoérkowej, tworzenie w niej
nanoporéw oraz miejscowych ubytkow, co moze prowadzi¢ do wycieku zawartosci komorki
i w konsekwencji do apoptozy. Z kolei dendrymery PAMAM nizszych generacji (ponizej G5)
zwykle sg adsorbowane na powierzchni btony komoérkowej lub wbudowuja si¢ w jej strukture
[72—74]. Ladunek powierzchniowy ma rowniez wptyw na mechanizm wnikania i transportu
dendrymeru PAMAM do wnetrza komorki, ktory odbywa si¢ glownie na drodze
mechanizmow endocytozy, specyficznych dla poszczegolnych typow komorek [75,76].

Odpowiednia modyfikacja powierzchniowych grup funkcyjnych oraz optymalizacja
wielkosci czgsteczek dendrymeru PAMAM stanowig glowne strategie majace na celu
zmniejszenie jego natywnej cytotoksycznosci, a tym samym poprawe jego
biokompatybilnosci, jak rowniez umozliwienie aktywnego i ukierunkowanego transportu do
komorki. Do modyfikacji powierzchni dendrymerow PAMAM stosuje si¢ miedzy innymi:
poli(tlenek etylenu) (PEG) [77,78], bezwodnik octowy [79], sacharydy (glukozg, mannoze,
galaktoze [80], B-cyklodekstryng [81], kwas hialuronowy [82]), aminokwasy (seryne,
cysteing [83]) oraz lipidy (kwas laurynowy [84]). Przylaczenie takich zwigzkow
z jednej strony zmniejsza cytotoksyczno$¢ poprzez obnizenie tadunku powierzchniowego,
a z drugiej moze stuzy¢ jako czynnik kierujacy do komorek nowotworowych, tym samym
zwigkszajac selektywnos¢ oraz efekt terapeutyczny koniugatu. Wiele badan poréwnujacych
dzialanie natywnych dendrymerow PAMAM z ich odpowiednikami o zmodyfikowanej

powierzchni wykazato zwigkszony wychwyt tych drugich przez komorki nowotworowe
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[85,86]. Bardzo dobrym przyktadem jest zastosowanie czgsteczek glukozy, ktora oprocz
obnizenia tadunku powierzchniowego zwigksza wychwyt dendrymeru przez komorki
nowotworowe, ktore ze wzgledu na przyspieszony metabolizm i proliferacj¢ wykazuja
znacznie wigksze zapotrzebowanie na glukoze niz komoérki prawidlowe [87]. Innym
rozwigzaniem jest zastosowanie dodatkowego liganda, skierowanego na konkretne receptory
obecne na powierzchni komérek nowotworowych, ktore czesto ulegaja nadekspresji, badz na
ich szlaki metaboliczne. Najcze¢sciej stosowanymi zwigzkami sg witaminy (kwas foliowy
[88,89], biotyna, kwas retinowy [90]), na ktére, podobnie jak na glukoze, komorki
nowotworowe wykazujg wigksze zapotrzebowanie. Uzywane sg takze peptydy [91] oraz
przeciwciala [92]. Wedtug publikacji autorstwa Maiti i Paira [93] najbardziej obiecujaca
czasteczka adresujgca wsrod witamin wydaje si¢ by¢ biotyna (witamina B7, H). Biotyna
stymuluje wzrost i rozwdj komorek poprzez udziat w procesach glukoneogenezy, biosyntezy
kwasow tluszczowych, metabolizmu aminokwaséw oraz organizacji chromatyny, bedac
koenzymem dla pigciu enzymow z grupy karboksylaz [93]. Dostarczana jest do komorek
ssaczych poprzez specyficzne transportery, takie jak zalezny od sodu transporter
multiwitaminowy SMVT (ang. sodium-dependent multivitamin transporter) oraz transporter
monokarboksylowy MCT-1 (ang. monocarboxylate transporter) [94]. Zwi¢ckszona ekspresje
tych receptorow oraz nasilony wychwyt biotyny wykazano w komorkach wielu typow
nowotworow, miedzy innymi jajnika, jelita grubego, piersi, ptuc, nerki oraz biataczki [95].
Biotyna zostata wykorzystana migdzy innymi w systemie celowanego transportu znanych
chemioterapeutykow, takich jak cisplatyna [96], paklitaksel [97,98], doksorubicyna [99,100],
chlorambucyl [101], gemcytabina [102], a takze niesteroidowych lekow przeciwzapalnych
[103,104] oraz krotkich interferujacych RNA (SIRNA - ang. small interfering RNA) [105].
Dodatkowym atutem uzycia biotyny jest jej zdolno$¢ do przechodzenia przez bariere krew-
mozg (BBB, ang. blood-brain barrier), co pozwala na zastosowanie jej w terapii
nowotworow centralnego uktadu nerwowego [106]. Szereg wynikow naszego zespotu
potwierdzito uzytecznos$¢ biotyny jako czasteczki utatwiajgcej przenikanie dendrymeréow do

komorek nowotworowych [103,107,108].

Nalezy jednak pamigtac, ze niektore prawidtowe komorki, zwlaszcza o przyspieszonej
proliferacji (np. hepatocyty) takze moga wykazywaé zwiekszone zapotrzebowanie na
witaminy i wykazywaé nadekspresje specyficznych dla nich receptoréow, przez co
w przypadku wyboru czynnika adresujacego trzeba przede wszystkim kierowac si¢ specyfika
nowotworu oraz sposobem podania leku (miejscowo lub ogélnoustrojowo). Nalezy rowniez

wzig¢ pod uwage fakt, ze catkowita redukcja kationowego tadunku na powierzchni
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dendrymeru czesto moze prowadzi¢ do utraty jego pozagdanych wlasciwosci, np. zdolno$ci do
oddzialywania z btonami czy kwasami nukleinowymi. Dlatego warto rozwazy¢ tylko
cze$ciowg modyfikacje powierzchniowych grup funkcyjnych w celu osiggnigcia rownowagi

miedzy zmniejszeniem cytotoksyczno$ci a zachowaniem aktywnosci dendrymeru [109].
edzy 1) y Y y y

Dendrymery PAMAM jako potencjalne nosniki posiadajg korzystne whasciwosci typu
gospodarz-gos¢ (ang. host-guest) determinowane przez hydrofobowy rdzen oraz hydrofilowe
warstwy koncowe. Czasteczki transportowanego leku moga zosta¢ enkapsulowane we
wnetrzu czasteczki dendrymeru lub przytaczone do powierzchniowych grup funkcyjnych na
zasadzie oddziatywan elektrostatycznych lub poprzez wigzania kowalencyjne [110].
Wydajno$¢ enkapsulacji $cisle zalezy od wielkosci czasteczek oraz stezenia dendrymeru,
ktore wptywaja na liczbe dostepnych wolnych przestrzeni w strukturze polimeru. Miejsce
oraz efektywno$¢ uwalniania enkapsulowanego leku uwarunkowane sg zdolnoscia
dendrymerow do akumulacji w tkance nowotworowej dzieki zwigkszonej przepuszczalno$ci
naczyn krwiono$nych guza oraz zmniejszonej droznosci naczyn limfatycznych, co okreslane
jest jako efekt zwiekszonej przepuszczalnosci i retencji EPR (ang. enhanced permeability and
retention effect) [111]. Z kolei przytaczenie leku do powierzchni dendrymeru za pomoca
odpowiedniego wigzania badz linkera pozwala na uzyskanie nosnika reagujacego na
okreslone bodzce, zardbwno endogenne, jak | egzogenne, takie jak: zmiana pH, temperatury,
potencjatu redox, obecno$¢ enzymu lub fotoinicjatora. Zaletg systemu wrazliwego na bodzce
jest uzyskanie efektu wiacz-wytacz, przez co mozliwe jest kontrolowane uwalnianie leku
w okre§lonym czasie i pozadanym miejscu w zaleznosci od rodzaju bodzca [112].
Najprostsza, a zarazem najczesciej stosowang strategig uwalniania leku z makroczasteczki
nos$nika jest wykorzystanie linkerow wrazliwych na pH oraz obecno$¢ enzymow
hydrolitycznych. Glowna zaleta takiego podej$cia jest brak konieczno$ci stosowania
dodatkowych czynnikow zewngtrznych inicjujacych proces uwalniania. Warto$¢ pH tkanek
prawidtowych oscyluje zwykle miedzy neutralnym a lekko zasadowym, natomiast
w $srodowisku guza nowotworowego nieznacznie spada do poziomu 6,5-6,8. W endosomach
I lizosomach osigga za$ poziom 4-6. Zatem zastosowanie wigzania wrazliwego na kwasowe
pH spowoduje, ze w krwioobiegu koniugat nosnik-lek bedzie stabilny, a uwolnienie leku
zostanie zainicjowane w srodowisku tkanki nowotworowej i nasilone na etapie wnikania do
komorek na drodze endocytozy podczas obnizenia pH w endosomie lub lizosomie [113].
Ponadto w endosomach oraz lizosomach znajduja si¢ specyficzne enzymy zdolne do
hydrolizy wigzan i uwolnienia czgsteczki leku. Co wigcej, w $rodowisku guza zachodzi

zwigkszona ekspresja takich enzymow jak: metaloproteinazy macierzy pozakomorkowej,
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hialuronidazy, esterazy oraz katepsyna B, ktore katalizujg rozerwanie okre$lonych sekwencji
peptydowych oraz wigzan estrowych [114]. Sposrod wigzan kowalencyjnych, do zwigzania
leku z dendrymerem, stosuje si¢ wigzania amidowe, estrowe, disiarczkowe, hydrazonowe,

azowe, a takze rozne linkery peptydowe.

Poliwalentno$¢ dendrymerow PAMAM umozliwia stworzenie no$nika ,,Szytego na
miarg” potrzeb okreslonej terapii, pozwalajgc na rownoczesne przylaczenie leku badz kilku
lekow (dla uzyskania efektu synergicznego), dodatkowych ligandéw oraz czynnikéw
adresujacych. Odpowiedni dobor parametrow fizykochemicznych polimeru, stosowanych
ligandow oraz linkerow pozwala na uzyskanie aktywnego, ukierunkowanego transportu leku
z kontrolowanym uwalnianiem w docelowym miejscu, przy rownoczesnej minimalizacji
kontaktu z prawidlowymi tkankami. Do zastosowan medycznych wybor dendrymerow
generacji G3-G5 wydaje si¢ by¢ optymalnym rozwigzaniem pod katem wielkoS$ci czgsteczki,
liczby powierzchniowych grup funkcyjnych zdolnych do przytaczenia ligandéw oraz lekow,
a takze pod katem wielkosci wolnych przestrzeni migdzy rozgatgzieniami zdolnych do

enkapsulacji leku.

Niezbgdnym etapem procesu tworzenia nowych lekoéw i systemoéw dostarczania jest
testowanie skutecznosci ich dziatania na modelach chordb in vitro oraz in vivo. Aktywnos¢
przeciwnowotworowa okreslana jest przy pomocy badan na hodowlach ludzkich komoérek
nowotworowych oraz na myszach lub szczurach ksenogenicznych w odniesieniu do grupy
kontrolnej, ktorg stanowig odpowiednio ludzkie komorki prawidlowe i zdrowe gryzonie. Do
badan nad lekami o dziataniu przeciwpasozytniczym czesto jako model wykorzystywany jest
wolno zyjacy nicien Caenorhabditis elegans [115]. Organizm ten ma zastosowanie rowniez
w naukach biomedycznych do okreslenia migedzy innymi genotoksyczno$ci oraz

neurotoksycznosci zwigzkéw chemicznych [116].
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2. Cele naukowe pracy

W prezentowanej pracy postawiono nastepujace cele naukowe:

1. Zbadanie

potencjalu  przeciwnowotworowego 1 przeciwnicieniowego

wybranych zwigzkow z grupy ksantondéw jako kandydatow do zwigzania

z no$nikiem polimerowym.

2. Synteza szeregu koniugatow dendrymeru poliamidoaminowego generacji

trzeciej ze zwigzkami z grupy ksantonow (a-mangostyna i vadimezan)

z uwzglednieniem:

2.a)

2.b)

2.C)

2.d)

uzycia o-D-glukoheptono-1,4-laktonu w celu zmniejszenia
natywnej toksycznosci nosnika,

zastosowania biotyny jako czasteczki adresujacej i/lub
zwigkszajacej wychwyt przez komorki,

réznych sposobow wigzania ksantonéw do dendrymeru
(poprzez wigzania amidowe lub estrowe),

réznego stopnia podstawienia resztami o-mangostyny.

3. Charakterystyka otrzymanych koniugatow metodami NMR oraz DLS.

4. Analiza aktywnosci biologicznej otrzymanych koniugatow w warunkach:

4.3)

4.b)

in vitro wobec ludzkich komoérek nowotworowych oraz
prawidlowych,

in vivo wobec organizmu modelowego - nicienia
Caenorhabditis elegans, traktowanego jako model nicienia

pasozytniczego.
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3. Cze$¢ eksperymentalna

3.1. Zbadanie potencjalu przeciwnowotworowego i przeciwnicieniowego wybranych
zwiazkow z grupy ksantonow jako kandydatow do zwigzania z nosnikiem

polimerowym [P1, P2]

Moje zainteresowanie tematyka ksantonow zrodzito si¢ w wyniku wspotpracy promotora
mojej pracy doktorskiej prof. dr hab. Wojciecha Rode z zespotem prof. Bruno Botty
z Uniwersytetu La Sapienza w Rzymie. Naukowcy z Wtoch posiadajg wtasng biblioteke
okoto tysigca zwigzkéw pochodzenia naturalnego i ich pochodnych, ktéore moga postuzy¢
jako zrodto kandydatow oraz czgsteczek wiodacych w procesie projektowania i rozwoju
nowych lekéw. Wspomniana biblioteka zostata wykorzystana do poszukiwania potencjalnych
inhibitoréw syntazy tymidylanowej (TS, ang. thymidylate synthase, EC 2.1.1.45). Syntaza
tymidylanowa to enzym nalezacy do metylotransferaz, bedacy celem molekularnym w terapii
przeciwnowotworowej, przeciwwirusowej, przeciwgrzybicznej i przeciwpierwotniaczej,
poniewaz reakcja ktorg katalizuje jest jedynym zrodlem de novo 2’-deoksytymidylanu
(dTMP, ang. 2’-deoxythymidine monophosphate) w komorce eukariotycznej [117]. Prace
badawcze zespotu prof. dr hab. Wojciecha Rode skupiajg si¢ na szczegélowym poznaniu
molekularnego mechanizmu reakcji katalizowanej przez TS oraz znalezieniu dla niej nowych
inhibitorow. Badania te dostarczyly wielu struktur krystalograficznych rekombinowanej TS
w kompleksach z substratem i/lub inhibitorem (m. in. PDB 4E50, PDB 4EB4, PDB 4EIN).
Jedna z takich struktur krystalograficznych — syntaza tymidylanowa nicienia Caenorhabditis
elegans w kompleksie z 2’-deoksyurydyno-5’-monofosforanem (dUMP, ang.
2’-deoxyuridine-5’-monophosphate) i niskoczasteczkowym inhibitorem Tomudex (PDB
41QQ), postuzyta jako receptor do przeszukiwania biblioteki zwiazkéw naturalnych technika
dokowania molekularnego. Ostatecznie wybrano dwadziescia zwigzkéw (Tabela 1 w [P2])
do dalszej analizy aktywnosci biologicznej wobec czterech wariantow rekombinowanej
syntazy tymidylanowej (ludzkiej, mysiej oraz nicieni Trichinella spiralis i C. elegans).
Badanie przesiewowe zwiazkow in silico oraz analiza ich aktywnosci jako inhibitoréw
enzymu zostata wykonana przez pracownikéw Uniwersytetu La Sapienza w Rzymie oraz
Instytutu Biologii Doswiadczalnej im. M. Nenckiego PAN w Warszawie. Nastepnie sze$¢
najbardziej obiecujacych zwigzkow: alwaksanton, 1,3-dihydroksy-2-metoksyksanton,
rhediaksanton B, rhediaksanton C, 1-hydroksy-7-metoksyksanton oraz 2-metoksyksanton

wykorzystatam do badan na hodowlach komérkowych [P2], cheac sprawdzi¢ ich potencjalng
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aktywno$¢ przeciwnowotworowa in Vitro. Po przeprowadzonym przeze mnie przegladzie
literaturowym dotyczacym ksantonow, zdecydowatam réwniez o sprawdzeniu aktywnosci
dostepnej komercyjnie o-mangostyny [P1], ktorej struktura chemiczna jest zblizona do

struktury alwaksantonu.

Badania potencjatlu przeciwnowotworowego wybranych szeSciu zwigzkéw oraz

a-mangostyny prowadzitam na trzech liniach komorek ludzkich:

e U-118 MG — komorkach glejaka wielopostaciowego IV stopnia ztosliwosci,
e SCC-15 — komorkach raka ptaskonablonkowego z jezyka,
e BJ - prawidlowych fibroblastach skornych, uzytych jako odniesienie do komorek

nowotworowych.

Szczegoty metody prowadzenia hodowli komorkowych, stosowane odczynniki oraz

wykonywane testy opisatam w rozdziale Materiaty i Metody w publikacji [P1] oraz [P2].

Wstepng oceng wpltywu wybranych ksantonéw na badane komoérki po 48-godzinnej
inkubacji przeprowadzitam za pomocg testu wychwytu czerwieni obojetnej (NR, ang. neutral
red). Jest to jeden z najczesciej wykorzystywanych testow na cytotoksycznos¢, ze wzgledu
na wysoka czuto$¢ i niska cen¢. Czerwien obojetna posiada niski kationowy tadunek
w fizjologicznym pH, dlatego przenika przez btony komorkowe na zasadzie biernej dyfuzji
i ulega akumulacji w lizosomach. Ze wzgledu na fakt, ze zywe, nieuszkodzone komoérki maja
zdolnos¢ do wychwytu barwnika, a martwe nie, test NR stuzy przede wszystkim do okreslenia
poziomu zywotno$ci komérek w hodowli, ale takze do okreslenia przepuszczalno$ci btony
komorkowej oraz aktywnosci lizosomow [118]. Otrzymane wyniki pozwolily na
wyznaczenie dla czgsci zwiazkow wartosci ICso (ang. the half maximal inhibitory
concentration) — stezenia hamujgcego wzrost komorek do 50% wzrostu komorek

kontrolnych.

Po wstepnej analizie cytotoksyczno$ci do dalszych badan wybralam 3 zwiazki:
a-mangostyng, alwaksanton oraz rhediaksanton B, ktore wykazywaly najwyzszy potencjat
przeciwnowotworowy wobec analizowanych linii komorkowych. Dla tych zwigzkow
wykonatam bardziej szczegotowe analizy okreslajace ich wptyw na proliferacje komorek,
kondycje mitochondriéw, indukcje apoptozy oraz zdolnos¢ komoérek do adhezji i migracji.
W trakcie prowadzenia wymienionych badan oraz na podstawie analizy literatury
zdecydowatam o dotaczeniu do grupy wybranych ksantondéw jeszcze jednego zwiazku —
vadimezanu, jako zwigzku o najmniej zlozonej budowie chemicznej w poroéwnaniu do

pozostatych ksantonow.
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Test redukcji soli tetrazoliowych XTT (sodowa so6l 2,3-bis[2-metoksy-4-nitro-5-
sulfofenylo]-2H-tetrazolio-5-karboksyanilidu) roéwniez jest stosowany do o0znaczenia
poziomu zywotnosci komorek. W zwiazku z tym, ze s6l XTT ulega redukcji do pochodnej
formazanu pod wptywem dehydrogenaz i oksygenaz mitochondrialnych prawidtowo
funkcjonujacych komoérek [119], wykorzystatam ten test w celu oceny kondycji
mitochondriow badanych komoérek po 48-godzinnej inkubacji z wymienionymi wyzej

zwigzkami.

Wplyw a-mangostyny, alwaksantonu, rhediaksantonu B oraz vadimezanu na proliferacje¢
komorek badatam wykorzystujac metode ilosciowego oznaczenia DNA komorek, polegajaca
na zastosowaniu barwnika fluorescencyjnego specyficznego dla okreslonych zasad
azotowych. W tym przypadku wydtuzytam czas inkubacji do 72 godzin tak, aby sprawdzié¢

czy badane zwiazki wptywaty na czestotliwosé podziatéw komorkowych.

Kolejnym analizowanym parametrem byta zdolnos¢ badanych ksantonéw do indukcji
apoptozy. W tym celu zastosowatam zestaw odczynnikow, ktory mierzy aktywnos¢
enzymatyczng kaspazy 3 i 7 — proteaz cysteinowych odpowiedzialnych za degradacje¢ biatek
strukturalnych oraz enzymow komorki w koncowej fazie apoptozy (fazie wykonawczej)
[120]. Gléwnym elementem zestawu jest rodamina 110 z przytaczong sekwencja peptydowa

DEVD (Asp-Glu-Val-Asp), ktora jest specyficznie rozpoznawana przez kaspaze 3 i 7.

Ekspresja oraz biosynteza kaspaz wykonawczych, a takze innych bialek jest $cisle
uzalezniona od ilosci ATP (adenozyno-5’-trifosforan) w komoérce. Zatem w celu sprawdzenia
wydajnosci energetycznej komoérek po inkubacji z badanymi zwigzkami wykonatam
oznaczenie poziomu wewnatrzkomorkowego ATP. Analiza opierata si¢ na reakcji
monooksygenacji lucyferyny katalizowanej przez termostabilng lucyferaz¢ w obecnosci
jonéw magnezu, czasteczkowego tlenu oraz ATP, dostarczanego przez aktywne
metabolicznie komorki. Produktem tej reakcji sg kwanty $wiatta w formie luminescencji,

ktorej mierzony sygnat jest wprost proporcjonalny do ilosci ATP w badanych komarkach.

Ruchliwo$¢ komodrek nowotworowych jest istotnym parametrem informujacym
o zdolnosci do metastazy. Jest to ztozony proces, na ktory sktadajg si¢ migracja oraz adhezja
komorek do macierzy pozakomoérkowej (ECM, ang. extracellular matrix) [121]. Analizg
adhezji komorek po traktowaniu badanymi ksantonami wykonatam przy uzyciu fioletu
krystalicznego (CV, ang. crystal violet), ktory barwi DNA komoérek zwigzanych
z dnem ptytki poprzez biatka. Komorki uszkodzone lub martwe, ktore tracg przyczepnosc sa

usuwane na etapie przemywania buforem, zatem mierzona absorbancja fioletu jest wprost
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proporcjonalna do liczby komorek adherentnych [122]. Zdolnos¢ komorek do migracji byta
analizowana z wykorzystaniem testu gojenia ran, znanym takze jako test rysy (ang. wound-
healing assay, scratch assay). Polega on na wykonaniu sterylng koncoéwka pipety
automatycznej rysy na powierzchni hodowli komorkowej o petnej konfluencji i obserwacji

stopnia migracji komorek do obszaru rysy [123].

Toksycznos¢ wybranych ksantonéw z biblioteki udostepnionej przez partneréw z Wtoch
wobec modelowego organizmu wiclokomorkowego — wolno Zyjgcego nicienia
Caenorhabditis elegans zostata zbadana przez Pania dr Justyne Sobich w Instytucie Biologii
Dos$wiadczalnej im. M. Nenckiego PAN w Warszawie. Analiza byta prowadzona na populacji
mieszanej nicieni (wszystkie stadia rozwoju) przez 7 dni, a uzyskane wyniki pozwolily na
wyznaczenie wartosci LCso (ang. the half maximal lethal concentration) — stezenia

powodujacego $mieré polowy nicieni w badanej populacji.

Dziatanie a-mangostyny i vadimezanu dodatkowo zbadatam na synchronicznej hodowli
dorostych nicieni (stadium L4). Opis prowadzenia hodowli, stosowane odczynniki oraz
szczegOly analiz przedstawitam w Materialach i Metodach w publikacji [P3]. W celu
uzyskania populacji dorostych osobnikow nicieni wykonatam synchronizacje¢ mieszanej
populacji metoda jatowienia. W wyniku tej procedury otrzymatam wylacznie jaja nicient,
z ktorych po catonocnej inkubacji wykluty si¢ mtode larwy (stadium L1). Dodatkowa
inkubacja larw L1 na szalkach z bakteriami jako pozywieniem pozwolita na uzyskanie
osobnikow dorostych w stadium L4, ktore nastepnie byty inkubowane z badanymi zwigzkami
przez 7 dni. Poczawszy od pierwszego do ostatniego dnia inkubacji codziennie analizowatam
liczbe¢ Zywych oraz martwych nicieni przy uzyciu mikroskopu odwroconego, zwracajac

uwage na ich ruchliwos¢ oraz morfologie.

Wszystkie wymienione testy in vitro z uwzglgdnieniem grupy kontrolnej (komorek
nieinkubowanych z badanymi zwigzkami) wykonaltam w trzech niezaleznych
eksperymentach, a kazdy z nich w trzech powtorzeniach. Dodatkowo przeprowadzitam
analiz¢ statystyczng wynikow wykorzystujac narzedzia programu Statistica 13.3 firmy
Statsoft Polska. Ze wzglgdu na brak rozkladu normalnego danych zastosowatam testy
nieparametryczne: test Kruskala-Wallisa oraz test U Manna Whitney’a. Natomiast
w przypadku analizy przezycia nicieni, w celu wyznaczenia istotnego statystycznie spadku
przezywalnosci w odniesieniu do kontroli, wykonatam nieparametryczny test Gehana-
Wilcoxona. Wyniki, dla ktorych warto§¢ prawdopodobienstwa testowego p wynosita mniej

niz 0,05 uznatam za istotne statystycznie.
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3.2. Synteza koniugatow dendrymeru PAMAM G3 2z o-mangostyna lub
vadimezanem zmodyfikowanych resztami a-D-glukoheptono-1,4-laktonu oraz
biotyny [P3, P4]

Sciezki syntezy koniugatow, stosowane odczynniki, warunki prowadzenia reakcji,
a takze oczyszczania produktow i potproduktow szczegdtowo opisatam w publikacjach [P3]
i [P4] w sekcji Materialy i metody. Do syntezy wszystkich koniugatow wykorzystatam
dendrymer PAMAM generacji trzeciej, ktorego metanolowy roztwor o stezeniu 20.1 mM
zostal przygotowany w wigkszej ilo$ci przez prof. dr hab. inz. Stanistawa Wolowca wedlug
protokotu Donalda Tomalii [124]. Wszystkie reakcje prowadzitam w DMSO
(dimetylosulfotlenek), dlatego przed przystagpieniem do syntezy poszczegdlnych koniugatow
metanol byl odparowywany. Produkty oraz potprodukty syntez oczyszczatam wykonujac
3-4 dniowa dialize¢ wobec wody. Rozpuszczalnik usuwatam pod préznia na wyparce
obrotowej, a nastepnie produkt suszytam przez kilkanascie godzin przy pomocy pompy

prézniowe;.

3.2.1. Synteza biotynylowanych koniugatéw dendrymeru PAMAM G3

z amidowo przylaczong a-mangostyng lub vadimezanem

Pierwszym etapem syntezy byta biotynylacja powierzchniowych grup aminowych
natywnego dendrymeru PAMAM G3. W tym celu zastosowatam NHS-biotyne, czyli biotyng
w formie estru N-sukcynoimidylowego (NHS, ang. — N-hydroxysuccinimide), aby poprzez
reakcje aminolizy uzyska¢ wigzanie amidowe mig¢dzy biotyng a dendrymerem. Stechiometria
reakcji byla obliczona tak, aby uzyskac podstawienie dendrymeru dwoma resztami biotyny
(G3?B). W kolejnym kroku przeprowadzitam aktywacje grup hydroksylowych a-mangostyny
za pomocg chloromréwczanu 4-nitrofenylu (NPCF, ang. 4-nitrophenyl chloroformate),
otrzymujac diester weglanowy a-mangostyny i p-nitrofenolu, ktéry nastgpnie stanowit
substrat w reakcji z G3%B. Zastosowanie NPCF pozwolito na wprowadzenie jednoweglowego
linkera migdzy grupa hydroksylowa o-mangostyny a grupg aminowg dendrymeru, a tym
samym utworzenie wigzania karbamidowego. Reakcje przylaczenia a-mangostyny do
biotynylowanego dendrymeru prowadzitam ze stechiometrig obliczong dla nizszego oraz
wyzszego podstawienia grup aminowych dendrymeru, otrzymujac koniugaty z pigcioma lub

siedemnastoma resztami ksantonu (G32%°M oraz G32B1"M), QOstatnim etapem byto
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podstawienie pozostatych wolnych grup aminowych na powierzchni dendrymeru resztami
a-D-glukoheptono-1,4-laktonu  (GHL). W przypadku koniugatu G328°M wykonatam
podstawienie potowy wolnych grup aminowych, natomiast w przypadku koniugatu G328/
wszystkich grup aminowych, jakie pozostaly dostepne. W ten sposéb otrzymatam koniugat
G32B120h5M graz (G32B100h17M - Analogiczne podstawienie resztami GHL-u wykonatam dla
biotynylowanego dendrymeru G328 w celu uzyskania G3%B129" _ nognika stanowigcego
kontrole do badan biologicznych. Dodatkowo dla osobnych porcji koniugatow
Z a-mangostyng przeprowadzitam znakowanie fluorescencyjne. Do tego celu wykorzystatam
fluoresceing zwigzang z kwasem 5(6)-karboksyamidoheksanowym (FCH, ang.
6-[fluorescein-5(6)-carboxamido]hexanoic acid), ze wzgledu na duzg dostgpnosé grup

hydroksylowych pochodzacych od przytaczonych tancuchéw GHL, do ktorych FCH mégt sie
przytaczy¢.

Syntez¢ koniugatu dendrymeru z amidowo zwigzanym vadimezanem przeprowadzitam
w dwoch etapach ze stechiometria obliczona na otrzymanie zwigzku G32B12005V
analogicznego do G32B129"M  pierwszym krokiem byta reakcja natywnego dendrymeru
PAMAM G3 z biotyng i1 vadimezanem rdéwnoczes$nie. Ze wzgledu na obecno$¢ grupy
karboksylowej w obu zwigzkach, do syntezy uzylam odczynnika Mukaiyama (jodek
2-chloro-1-metylopirydyny), ktory shuizy do aktywacji grup hydroksylowych kwasow
karboksylowych 1 alkoholi, przez co czgsto jest wykorzystywany do syntezy estrow,
laktonow, amidow oraz ketenéw [125]. W drugim kroku wykonatam reakcje podstawienia

dwunastu wolnych grup aminowych resztami GHL-u.

3.2.2. Synteza biotynylowanych koniugatow dendrymeru PAMAM G3

Z estrowo przylaczona a-mangostyng lub vadimezanem

Natywny dendrymer PAMAM G3 poddatam reakcji z nadmiarem GHL-u, aby otrzymac
podstawienie wszystkich powierzchniowych grup aminowych dendrymeru przez tancuchy
sacharydowe. Otrzymany zwigzek G39" stanowit zaréwno substrat do kolejnych reakcji, jak
1 kontrole nos$nika do badan biologicznych. Nastepnie, aby umozliwi¢ zwigzanie
a-mangostyny do G3%, przeprowadzitam aktywacje zwigzku bezwodnikiem bursztynowym
otrzymujac ester a-mangostyny i kwasu bursztynowego. Uzyskang pochodna a-mangostyny
oraz biotyng przytagczytam do dendrymeru G39" w jednej reakcji z uzyciem odczynnika

Mukaiyama jako aktywatora grup karboksylowych. Wspomniana reakcja byta prowadzona
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ze stechiometrig obliczong na uzyskanie koniugatu z dwoma resztami biotyny oraz pigcioma
resztami a-mangostyny (G39"285M) - Analogiczng reakcje przeprowadzitam dla vadimezanu

oraz biotyny, otrzymujac koniugat G39MB5V,

3.3. Charakterystyka fizykochemiczna otrzymanych koniugatow

Do potwierdzenia struktury uzyskanych produktow wykorzystatam spektroskopie
magnetycznego rezonansu jadrowego NMR (ang. nuclear magnetic resonance). Wykonatam
pomiary widm jednowymiarowych protonowych 'H oraz weglowych °C, a takze
dwuwymiarowe pomiary korelacyjne: COSY (ang. corelated spectroscopy), HSQC (ang.
heteronuclear single-quantum correlation spectroscopy) oraz HMBC (ang. heteronuclear
multiple-bond correlation spectroscopy). Wszystkie pomiary prowadzitam w deuterowanym
DMSO na spektrometrze 300 MHz firmy Bruker, natomiast analiz¢ widm wykonatam

w programie dedykowanym dla urzadzenia.

W celu okreslenia $rednicy oraz potencjatu zeta ({) koniugatow zastosowatam technike
odpowiednio dynamicznego oraz elektroforetycznego rozpraszania $wiatta (DLS oraz ELS,
ang. Dynamic Light Scattering, Electroforetic Light Scattering). Pomiary tych parametrow

wykonatam przy pomocy urzadzenia Zetasizer Nano firmy Malvern w pH 7 oraz pH 5.

3.4. Analiza aktywnosci biologicznej otrzymanych koniugatow w warunkach in vitro

oraz in vivo

Wiasciwosci biologiczne zsyntezowanych koniugatow dendrymeru PAMAM G3
Z a-mangostyng i vadimezanem badatam na hodowlach ludzkich komoérek nowotworowych
linii U-118 MG i SCC-15 oraz prawidlowych fibroblastoéw — linia BJ. W celu poréwnania
aktywnoS$ci o-mangostyny oraz vadimezanu zwigzanych z no$nikiem dendrymerowym,
z aktywno$cig tych zwigzkéw w wolnej postaci wykonatam te same testy komérkowe, ktore
opisalam w rozdziale 3.1. Dodatkowo przeprowadzitam obserwacj¢ dystrybucji oraz
lokalizacji znakowanych fluorescencyjnie koniugatow G32B129h5M graz G32B120017M wewnatrz
badanych komorek przy pomocy mikroskopu konfokalnego Olympus Fluoview FV10i.
Obrazy mikroskopowe zebrane w trzech kanatach (niebieski — jadra komorkowe, czerwony —

mitochondria, zielony — fluoresceina) analizowatam przy uzyciu programu ImagelJ.
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Wykorzystujagc hodowle nicienia C. elegans, wykonalam analize toksycznosci oraz
wpltywu na przezywalno$¢ dorostych osobnikéw po 7-dniowej inkubacji nicieni zaréwno
z koniugatami dendrymeru z a-mangostyng i vadimezanem, jak i z odpowiednimi zwigzkami
w wolnej postaci. Synchronizacje hodowli oraz badania z wymienionymi zwigzkami

przeprowadzitam wedtug procedury opisanej w rozdziale 3.1.

Analize statystyczng wynikéw badan przeprowadzonych na hodowlach komdrkowych

oraz hodowli nicienia C. elegans wykonatam metodami opisanymi réwniez w rozdziale 3.1.
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4. Wyniki badan

Analiza wlasciwosci  biologicznych, zawarta w publikacji [P1] wykazala, ze
a-mangostyna posiada potencjat przeciwnowotworowy. Najsilniejsze dziatanie toksyczne
a-mangostyny, badane za pomocg testow NR oraz XTT (Fig. 2A, 2B oraz 2C w [P1]),
zaobserwowatam wobec komorek raka ptaskonabtonkowego SCC-15. Mniej wrazliwe
okazaty si¢ komorki glejaka U-118 MG oraz komorki prawidtowych fibroblastow ludzkich
BJ, ktorych zywotno$¢ utrzymywala si¢ na podobnym poziomie. Wyniki badan wptywu
a-mangostyny na proliferacje (Fig. 2D w [P1]) wykazaly korelacje z wynikami analizy
cytotoksycznosci. Natomiast najstabszy efekt antyproliferacyjny wystapit w przypadku
komorek prawidtowych. Oprocz wplywu na podziaty komorkowe, dzialanie cytotoksyczne
a-mangostyny przejawiato si¢ rowniez poprzez indukcj¢ apoptozy oraz spadek poziomu ATP
(Fig. 5w [P1]). Istotny wzrost aktywnosci kaspazy 3 oraz 7 zaobserwowatam w obu liniach
komoérek nowotworowych od stezenia 10 uM, natomiast w przypadku komorek
prawidlowych taki wzrost byt widoczny tylko w najwyzszym stezeniu 20 uM. Aktywacja
oraz przeprowadzenie procesu programowanej $mierci wymaga od komorki duzych
naktadow energii. Z tego powodu przebieg zmian poziomu ATP w komorkach po inkubacji
z o-mangostyng zestawitam ze zmianami poziomu aktywnos$ci kaspaz. Istotny spadek
poziomu ATP nastapit tylko w przypadku komorek raka plaskonabtonkowego SCC-15.
W fibroblastach pozostawatl na poziomie zblizonym do kontroli w catym zakresie badanych
stezen, natomiast w komorkach glejaka odnotowatam istotny wzrost jego poziomu
w stezeniach nietoksycznych oraz powr6t do poziomu kontroli w stezeniu 20 uM. Mozna
przypuszcza¢, ze zwigkszona ilos¢ ATP w komorkach glejaka mogta wynika¢ ze
zwigkszonego zapotrzebowania komorek na energie do syntezy miedzy innymi kaspaz,
a takze innych bialek zaangazowanych w proces apoptozy. a-Mangostyna wykazata takze
wplyw na ruchliwo$¢ komorek, ktorg analizowatam badajac dwa parametry — adhezje oraz
migracje. Podobnie jak w przypadku wczesniej omdéwionych parametrow, najwigksza
redukcje¢ adhezji obserwowatam w komodrkach SCC-15 (Fig. 3 w [P1]). Migracja komorek
wszystkich trzech linii byla istotnie zahamowana tylko w stg¢zeniach toksycznych, podczas
gdy w nizszych, mniej toksycznych stezeniach stabsza zdolno$¢ do migracji wykazaty tylko
komorki prawidtowe (Fig. 4 w [P1]). Mozna wigc wnioskowac, ze redukcja adhezji oraz
migracji komorek byla wynikiem dzialania toksycznego a-mangostyny, skutkujacego
Smiercia komorek oraz utrata przyczepnosci, a nie potencjalnego dzialania

antymetastatycznego. Pomimo tego silniejsze dziatanie zwigzku wobec komorek raka
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ptaskonablonkowego pozwala stwierdzi¢, Ze a-mangostyna wykazuje potencjal do
zastosowania w terapii niektorych nowotwordw. Jej toksycznos¢ byta dodatkowo badana na
organizmie modelowym — nicieniu Caenorhabditis elegans. Zwigzek hamowal wzrost
mieszanej populacji nicieni z LCsp rownym 3,8 uM + 0,5 uM, co jest zblizong warto$cig do
LCso mebendazolu, znanego leku przeciwpasozytniczego [P1]. Co ciekawe, a-mangostyna
wykazala stabsze dziatanie wobec populacji dorostych nicieni, osiggajac wartos¢ LCso rowna

18,74 uM (Tabela 3 w [P3]).

W  publikacji [P2] zbadatam wlasciwosci biologiczne szeéciu ksantondw,
wyselekcjonowanych z biblioteki zwigzkéw naturalnych. Dziatanie toksyczne w badanym
zakresie stgzen wobec analizowanych komoérek wykazaty tylko trzy zwiazki: alwaksanton,
rhediaksanton B oraz rhediaksanton C (Tabela 2 w [P2]). Jednak do dalszej analizy wybratam
tylko dwa zwiazki, odrzucajgc rhediaksanton C, poniewaz wykazywat 2-3 krotnie silniejsze
dzialanie toksyczne wobec prawidlowych fibroblastow w poroéwnaniu do komorek
nowotworowych obu linii, co wykluczalo jego selektywnos$¢. Dalsza analiza
cytotoksycznosci alwaksantonu oraz rhediaksantonu B za pomoca testu NR (Fig. 1A w [P2])
wykazata, ze rhediaksanton B byt bardziej toksyczny, osiagajac wartosci ICso ponizej 10 uM.
Z kolei wyniki testu XTT (Fig. 1C w [P2]) wskazaly na silniejsze dziatanie alwaksantonu
wobec komoérek nowotworowych niz prawidtowych, przy czym komorki SCC-15 byly
najbardziej wrazliwe. Na podstawie analizy dwodch testow na cytotoksyczno$¢ podjelam
probe okreslenia prawdopodobnego mechanizmu dziatania alwaksantonu na badane komorki.
W przypadku fibroblastow oraz komorek glejaka prawdopodobnie byto t0 uszkodzenie btony
komorkowej oraz lizosomalnej, natomiast w przypadku komorek raka ptaskonablonkowego
do tych procesow dochodzi silny wptyw na funkcjonalno$¢ mitochondriow. Obydwa zwigzki
wykazaly dziatanie antyproliferacyjne wobec wszystkich trzech badanych linii
komorkowych, przy czym rhediaksanton B dziatat silniej w zakresie nizszych st¢zen niz
alwaksanton, ktory z kolei w st¢zeniu powyzej 10 uM wykazat selektywno$¢ wobec komorek
U-118 MG oraz SCC-15 (Fig. 2 w [P2]). Dziatanie cytotoksyczne obu zwigzkow przejawiato
sie rowniez poprzez utrate adhezji komorek. Alwaksanton istotnie zmniejszyt przyczepno$¢
komorek SCC-15 oraz BJ w wyzszych stezeniach, podobnie jak rhediaksanton B w nizszym
zakresie stezen (Fig. 3 w [P2]). Badane zwiazki indukowaly takze zmiany poziomu
wewnatrzkomérkowego ATP, jednak odmiennie od siebie oraz w sposob zalezny od linii
komorkowej. Inkubacja komorek glejaka z alwaksantonem nie wptyneta na zmiang poziomu
ATP w tych komoérkach wobec nietraktowanej lekiem kontroli. Nieznaczne obnizenie

poziomu ATP w najwyzszych stezeniach byto widoczne w fibroblastach, natomiast nagta
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redukcja ilosci ATP nastgpita w komorkach SCC-15. Rhediaksanton B spowodowat
zmniejszenie poziomu energii do 30% w komorkach U-118 MG oraz BJ, natomiast do 20%
w komorkach SCC-15 w poréwnaniu do kontroli. W tej publikacji rowniez zestawitam
poziom wewnatrzkomérkowego ATP z poziomem aktywnosci kaspaz (Fig. 4 w [P2]).
Obydwa analizowane ksantony zwickszyty aktywnos¢ kaspazy 3 i 7, przy czym w wigkszym

stopniu w komoérkach nowotworowych niz w prawidlowych.

Ostatnim badanym zwigzkiem byt vadimezan, ktorego analize aktywnosci biologicznej
przeprowadzitam ze wzgledu na jego uproszczong struktur¢ chemiczng w poréwnaniu do
poprzednich zwigzkéw oraz brak grup izoprenylowych. W badanym zakresie stezen (do 200
uM) zywotnos$¢ komorek wszystkich trzech linii 0znaczona testami NR i XTT pozostawata
na poziomie zblizonym do kontroli, a otrzymane wyniki nie pozwolily na wyznaczenie
wartos$ci ICso (Tabela 2 w [P4]). Chcac upewni¢ si¢ o braku aktywnos$ci vadimezanu wobec
badanych komorek, przeprowadzitam test na proliferacj¢ z czasem inkubacji 72 godzin.
Vadimezan wykazatl istotne statystycznie dziatanie antyproliferacyjne tylko w przypadku

komorek raka ptaskonabtonkowego w 100 oraz 200 uM stezeniu (Fig. 5 w [P4]).

Dalsza cz¢s¢ mojej pracy polegata na sprzggnigciu modyfikowanych biotyna
i a-D-glukoheptono-1,4-laktonem dendrymerow PAMAM G3 z wyselekcjonowanymi,
badanymi wczesniej zwigzkami. Finalnie do zwiazania z dendrymerem PAMAM generacji
trzeciej wybralam a-mangostyne oraz vadimezan. Zdecydowato o tym kilka czynnikow,
przede wszystkim: zadowalajagce wyniki badan biologicznych a-mangostyny oraz jej
nieznaczna, ale zauwazalna selektywno$¢ wobec komorek raka ptaskonabtonkowego (Tabela
1), uproszczona struktura chemiczna vadimezanu w stosunku do pozostatych ksantonéw, brak
aktywnosci vadimezanu wobec badanych komorek oraz duza komercyjna dostepnos¢ obu

zwiazkow.

Tabela 1. Wartosci ICso obliczone na podstawie wynikow testow cytotoksycznosci NR [P1, P2, P4].

1Cs0 [uM]
BJ U-118 MG SCC-15
Badany zwiazek
a-Mangostyna 8,97 9,59 6,43
Alwaksanton 15,76 13,07 17,66
Rhediaksanton B 55 4,75 9,2
Vadimezan >>200 >>200 >>200

35



W publikacji [P3] przedstawitam syntezg, charakterystyke fizykochemiczng oraz analize
wiasciwosci biologicznych koniugatow dendrymeru PAMAM G3 z amidowo zwigzanymi
a-mangostyng oraz biotyng. Stosujac zaprezentowana w publikacji §ciezke syntezy (Schemat
1 w [P3]) otrzymatam dwa biotynylowane koniugaty PAMAM G3 z 5 lub 17 resztami
a-mangostyny. W przypadku koniugatu z 5 resztami ksantonu dodatkowo zablokowatam 12
powierzchniowych grup aminowych przy pomocy reszt a-D-glukoheptono-1,4-laktonu
(GHL), otrzymujac koniugat G32B129"M_ Na powierzchni koniugatu z 17 resztami
a-mangostyny pozostato 13 wolnych grup NHp, dla ktorych wykonatam analogiczny zabieg,
jednak prawdopodobnie ze wzgledu na duzg zawade steryczng tworzong przez sztywna
strukturg a-mangostyny reakcji ulegto tylko 10 grup aminowych. Z tego wzgledu otrzymatam
koniugat G32B109"17M Reakcje przytaczenia GHL-U wykonatam w celu zmniejszenia liczby
powierzchniowych grup aminowych, odpowiedzialnych za natywng, nieselektywna
cytotoksycznos¢ dendrymerow PAMAM G3. Synteza koniugatow o nizszym Oraz wyzszym
stopniu podstawienia dendrymeru resztami a-mangostyny miata na celu wykorzystanie cechy
poliwalentnos$ci, ktora jest atutem rozgal¢zionych struktur dendrymerycznych. Natomiast
obecnos¢ biotyny w kazdym z koniugatéw byla podyktowana jej korzystnymi
wilasciwosciami jako czasteczki zwigkszajacej wychwyt komorkowy oraz kierujacej do
niektorych typéw komorek nowotworowych. W celu okreslenia aktywnos$ci biologicznej

samego nos$nika zsyntezowatam koniugat bez przytaczonej a-mangostyny — G328120h,

Oba koniugaty z a-mangostyna wykazaty wysoki stopnien asocjacji, tworzac czastki
o $rednicy powyzej 100 nm (Tabela 1 oraz Fig. 3 w [P3]). Najwigksze asocjaty (> 1260 nm)
zaobserwowatam w przypadku G328120MM w pH 7, ktére pod wptywem obnizenia pH do 5
ulegly rozbiciu do mniejszych czastek o $rednicy w zakresie 114-180 nm. Asocjaty zwigzku
G3?2B10gh1"™M \y pH 7 okazaty si¢ by¢é znacznie mniejsze (Srednica w zakresie 111-150 nm),
jednak zmiana pH z obojetnego na kwasowe nie przyniosta znaczacych zmian w ich $rednicy.
Jedynie sam no$nik G328120" pozostawat w formie monomolekularnej osiagajac $rednice
okoto 1 nm w pH 7, ktéra w wyniku zakwaszenia srodowiska zwigkszyla si¢ do okoto 4 nm.
Wzrost $rednicy hydrodynamicznej w miar¢ obnizania pH jest powszechnie znanym
zjawiskiem w przypadku dendrymerow PAMAM, czesto tez nazywanym efektem puchnigcia,
a odpowiedzialna za ten proces jest protonacja wewnetrznych, trzeciorzedowych grup
aminowych dendrymeru [126]. Wszystkie badane koniugaty osiagnety dodatni potencjat zeta,
ktory okazat si¢ $cisle zaleze¢ od pH (Tabela 1 oraz Fig. 4 w [P3]). W srodowisku kwasnym
warto$ci potencjalu zeta wszystkich trzech zwiazkow wzroslty niemal dwukrotnie

w porownaniu do wartosci w srodowisku obojetnym. Przylaczenie a-mangostyny do no$nika
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spowodowato rowniez dwukrotne zwigkszenie potencjatu zeta catego koniugatu, niezaleznie

od liczby przytaczonych reszt ksantonu.

Wykonujgc testy toksycznosci NR 1 XTT oraz test na proliferacje komorek wykazatam,
ze nos$nik G3%B120h byt nietoksyczny wobec wszystkich trzech badanych linii komérkowych
(Fig. 5, 61 9 w [P3]). Siedmiodniowa inkubacja C. elegans z nosnikiem takze nie wykazata

istotnego spadku zywotnosci nicieni (Fig. 7 w [P3]).

Przytaczenie a-mangostyny do nosnika istotnie zwigkszylo toksyczno$é otrzymanego
koniugatu wobec testowanych komorek oraz nicienia w poréwnaniu z wolng postacia
a-mangostyny, a efekt ten byt §cisle zalezny od stopnia podstawienia nosnika przez badany
lek. W przypadku koniugatu G3%B1205M  zaobserwowatam 5,2-krotne zwickszenie
toksycznosci wobec komorek glejaka oraz 4,5-krotne zwigkszenie toksycznosci wobec
komorek raka ptaskonabtonkowego oraz prawidtowych fibroblastow w poréwnaniu do
wolnej postaci o-mangostyny. Koniugat G3?B109"M jeszcze bardziej wzmocnit efekt
toksyczny, bedac 21-25 razy bardziej aktywny wobec komorek nowotworowych obu linii.
Dziatanie toksyczne a-mangostyny wobec nicienia C. elegans rowniez zostato wzmocnione
poprzez przylaczenie zwigzku do nosnika, osiagajac 2,4-krotne wzmocnienie w przypadku
koniugatu G32B126hSM graz 13,6-krotne w przypadku koniugatu G32B109h17M (Fig. 11 oraz
Tabela 3 w [P3]). Dla pozostalych badanych parametréw komodrkowych (proliferacja,
adhezja, poziom ATP oraz aktywnos$¢ kaspaz 3 1 7) réwniez uzyskatam wyniki wskazujace
na silniejsze dziatanie o-mangostyny zwiazanej z nosnikiem dendrymerowym niz
a-mangostyny w wolnej postaci, a porownujac oba koniugaty wyzsza aktywnos¢ w kazdym
z testow wykazywat podstawiony wiekszg liczbg reszt a-mangostyny G328106h17M (Fig, 8, 9
i 10 w [P3]).

Znakowane fluorescencyjnie koniugaty badatam pod katem akumulacji oraz lokalizacji
we wnetrzu  badanych komorek. Tworzenie asocjatow przez badane koniugaty
Z a-mangostyng wptyneto na szybkos¢ ich wnikania do komorek, na co wskazat fakt, ze po
4-godzinnej inkubacji nie bylo mozliwe zaobserwowanie znakowanych fluorescencyjnie
dendrymeréow w komorkach. Z tego powodu wydtuzytam inkubacje do 48 godzin. Po tym
czasie zaro6wno koniugat z 5-cioma, jak i 17-stoma resztami o-mangostyny wniknat do
badanych komorek, przy czym stopien akumulacji zwigzkow w komorkach fibroblastow byt
wyzszy niz w komodrkach nowotworowych. Ponadto w programie Image)J dokonatam
natozenia kanalow fluorescencyjnych pochodzacych od znacznika mitochondriow (Mito
Tracker), znacznika jader komoérkowych (DAPI) oraz fluoresceiny zwigzanej z koniugatami

(FCH), co pozwolitlo na uzyskanie informacji na temat lokalizacji koniugatoéw w tych
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organellach komorkowych (Fig. 7 w [P3]). Analiza otrzymanych obrazow pozwolita
stwierdzi¢, Ze badane koniugaty G32B120"M oraz (G32B106h17M \ynjkaly wydajniej do
mitochondriow komorek raka ptaskonablonkowego oraz prawidtowych fibroblastow,

natomiast w nizszym stopniu do mitochondriéw komorek glejaka.

W pracy [P4] zaprezentowalam synteze, charakterystyke fizykochemiczng oraz analize¢
wlasciwosci biologicznych koniugatu dendrymeru PAMAM G3 z estrowo zwigzanymi
a-mangostyng oraz biotyna, analogicznego koniugatu z estrowo zwigzanym vadimezanem,
a takze koniugatu z vadimezanem zwigzanym amidowo. Synteza koniugatow z amidowo oraz
estrowo zwigzanymi ksantonami miata na celu sprawdzenie wptywu rodzaju wigzania na
aktywno$¢ biologiczng badanych zwigzkow, odkad wigzanie estrowe uwazane jest za bardziej
labilne [127]. W celu umozliwienia przytaczenia zarowno a-mangostyny, jak i vadimezanu
wigzaniem estrowym do dendrymeru, w pierwszym kroku otrzymalam nos$nik G39",
w ktorym wszystkie powierzchniowe grupy aminowe zostaty podstawione resztami GHL.
Nastepnie, aby zwigzek poréwnaé z amidowym koniugatem G32B120M — do G39h
przylaczytam estrowo 2 reszty biotyny oraz 5 reszt a-mangostyny, uzyskujgc G39N2B5M
(Schemat 2 w [P4]). W przypadku vadimezanu zsyntezowatam dwa koniugaty: z amidowo
przylaczonym zwigzkiem — G3?B129hV graz estrowo — G39™B5V (Schemat 2 i 3 w [P4]).
Ponadto, otrzymane pary koniugatow mogtam analizowaé¢ pod katem obecno$ci lub braku
wolnych grup aminowych na powierzchni, co dostarczyto istotnych informacji z uwagi na

stosowany zabieg tylko czg¢sciowego podstawienia grup aminowych.

Nosnik koniugatéw zawierajacych wigzania estrowe — G39" podobnie jak amidowe
G380 pozostawal w pH obojetnym w postaci monomolekularnej osiggajac $rednice
1,5-1,7 nm, zwigkszajac ja do okoto 4 nm po obnizeniu pH do wartosci rownej 5 (Tabela 1
w [P4]). Koniugat z estrowo zwigzanymi resztami a-mangostyny (G39"285M) tworzyt asocjaty
zarowno w pH obojetnym, jak i kwasowym, a zmiana odczynu srodowiska nie wplyne¢ta na
zmiang $rednicy wspomnianych asocjatow, ktora utrzymywata si¢ w zakresie 113-213 nm.
Co ciekawe, koniugat z estrowo przytaczonym vadimezanem (G39™B5V), w przeciwienstwie
do amidowego odpowiednika (G3?B120MV) nie tworzyl asocjatow. Jego $rednica w pH 7
pozostawata w zakresie 2,9-3,7 nm, wzrastajac do okoto 4,5 nm w pH 5. Natomiast koniugat
zawierajacy amidowo zwigzane reszty vadimezanu, podobnie jak jego amidowy odpowiednik
Z a-mangostyna, wykazat wysoki stopien asocjacji czasteczek uzyskujac srednice w zakresie
924-1166 nm. Wszystkie zsyntezowane koniugaty posiadaty dodatni potencjat zeta, ktory dla
zwigzkow w postaci monomolekularnej byt stosunkowo niski i miat warto$¢ <8 mV, a dla

zwiagzkow tworzacych asocjaty wzrastal powyzej 20 mV.
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Zwiazanie vadimezanu z biotynylowanym dendrymerem PAMAM G3 poprzez wigzanie
amidowe czy estrowe nie zwigkszylo istotnie toksycznosci zwigzku wobec zadnych
z analizowanych linii komorkowych oraz nicienia C. elegans. Interesujace jednak, ze
dziatanie antyproliferacyjne vadimezanu w wolnej postaci, ktore obserwowatam w st¢zeniu
200 uM wobec komorek nowotworowych, zostalo spotggowane przylagczeniem zwiazku do
dendrymeru wigzaniem amidowym (koniugat G32B129"V) (Fig. 5 w [P4]). Najbardziej
wrazliwe okazaty si¢ komorki raka ptaskonabtonkowego, dla ktoérych uzyskalam efekt
50-krotnego wzmocnienia aktywno$ci antyproliferacyjnej vadimezanu. Analogicznego
efektu nie zaobserwowatam w przypadku koniugatu z estrowo zwigzanym vadimezanem
(G39MB5V) Tak duza réznica w aktywnoéci miedzy koniugatami vadimezanu moze wynikaé
z roznic w wielkosci czastek oraz wielkosci tadunku powierzchniowego, a takze posrednio
Z obecnosci niezablokowanych grup aminowych na powierzchni koniugatu zawierajacego

wigzania amidowe.

Wzmocnienie aktywno$ci o-mangostyny pod wplywem przylaczenia do no$nika
dendrymerowego wigzaniem amidowym wykazatam w publikacji [P3]. Zatem nie zdziwit
fakt, ze zastosowanie noénika G39" oraz wigzania estrowego rowniez zwickszylo aktywno$é
analizowanego ksantonu (2,5-9-cio krotnie w zaleznosci od rodzaju komorek). Najsilniejsze
dzialanie, zaréwno toksyczne, jak i antyproliferacyjne koniugatu G392B5M zawierajacego
wigzania estrowe zaobserwowalam wobec komorek raka ptaskonablonkowego SCC-15.
Jednak silniejszy wplyw zarowno na integralnos¢ blon komoérkowych, kondycje
mitochondriow, czy intensywno$¢ podzialow komorkowych —wszystkich  trzech
analizowanych typéw komorek wykazal koniugat zawierajagcy wigzania amidowe
(G32B129MSM) iy estrowe (G39"?B5M). W przypadku tej pary koniugatow, rdznice
w aktywnos$ci roéwniez mogly wynika¢ z obecno$ci wolnych grup aminowych,
odpowiedzialnych za wyzszy potencjat zeta koniugatu amidowego niz estrowego. Warto
rowniez podkresli¢, Ze podobnie jak w przypadku noénika G3%8120h noénik dla koniugatow
estrowych G39" nie wykazat dzialania toksycznego ani antyproliferacyjnego wobec badanych
komorek (Fig. S7 w materiatach dodatkowych do [P4]).

Wzrost toksycznosci, wynikajacy z estrowego zwigzania o-mangostyny z nosnikiem
dendrymerowym G39", zaobserwowatam réwniez wobec nicienia C. elegans (Fig. 6 w [P4]).
W tym przypadku poréwnanie dziatania Kkoniugatu zawierajacego wigzania estrowe
z odpowiednikiem posiadajgcym wigzania amidowe takze wykazato silniejszy wplyw

zwigzku G32B129nM na spadek przezywalnosci badanych nicieni.
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5. Podsumowanie

W niniejszej pracy doktorskiej wykazatam potencjal przeciwnowotworowy in Vitro
I przeciwnicieniowy zwigzkow z grupy ksantonow oraz skuteczno$¢ i uzyteczno$é
zastosowania biotynylowanych dendrymeréw poliamidoaminowych generacji trzeciej
0 zmodyfikowanej powierzchni, jako no$nikow majgcych zdolno$¢ wzmacniania efektow

dziatania wybranych ksantonow.

W pierwszym etapie pracy dokonatam analizy wiasciwo$ci biologicznych o$miu
ksantonow pod katem oceny ich potencjalu  przeciwnowotworowego oraz
przeciwnicieniowego. Dla najbardziej aktywnej z tej grupy a-mangostyny oraz najmniej
aktywnego vadimezanu opracowatam nosnik polimerowy, sktadajacy si¢ z dendrymeru
PAMAM G3 z dodatkowo przytaczonymi resztami biotyny jako czasteczkami kierujacymi
do niektorych komoérek nowotworowych oraz resztami a-D-glukoheptono-1,4-laktonu
przytaczonymi w celu zmniejszenia natywnej toksycznosci samego dendrymeru. Wybrane
ksantony (o-mangostyna i vadimezan) zwigzalam kowalencyjnie z nosnikiem za pomoca
wigzania amidowego lub estrowego. Ponadto zsyntezowatam amidowe koniugaty
dendrymeru podstawione resztami a-mangostyny w réznym stopniu. Z racji tego, ze dotad
w literaturze opisano jedynie koniugaty dendrymeréw PAMAM z enkapsulowang
o-mangostyng oraz brak jest doniesien dotyczacych koniugatow dendrymeroéw
z vadimezanem, przedstawione przeze mnie $ciezki syntez sa oryginalne i przedstawiajg

sposob kowalencyjnego zwigzania tych zwigzkéw z nosnikiem dendrymerowym.

Zwigzanie o-mangostyny z dendrymerem PAMAM G3 zaréwno przez wigzanie
amidowe, jak i estrowe istotnie zwigkszyto aktywno$¢ zwigzku wobec analizowanych
komorek oraz nicienia, przy czym najsilniejsze dziatanie wykazaly koniugaty amidowe.
Warto podkre$lié, ze mechanizm dziatania a-mangostyny w postaci koniugatu
z dendrymerem pozostal charakterystyczny dla zwigzku w wolnej postaci, wykazujac
skutecznos$¢ w znacznie nizszym zakresie stezen, jednak w przyblizeniu proporcjonalnym do
liczby uzytych czasteczek ksantonu. Najbardziej wrazliwymi wobec badanych koniugatow
Z a-mangostyng okazaly si¢ komoérki raka ptaskonabtonkowego linii SCC-15, jednak zblizong
toksyczno$¢ uzyskatam rowniez w przypadku komorek prawidtowych BJ, co wyklucza
selektywno$¢ otrzymanych koniugatoéw wobec badanych komorek nowotworowych. Jednak
co ciekawe, przylaczenie vadimezanu wigzaniem amidowym do no$nika zwigkszyto

antyproliferacyjag aktywnos$¢ tego zwigzku w sposob selektywny wobec komorek raka
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ptaskonablonkowego, podczas gdy koniugat zawierajgcy wigzania estrowe nie wywotat
zadnego efektu wobec badanych komorek oraz nicienia. Oprécz wptywu rodzaju wigzania
oraz liczby reszt a-mangostyny na aktywno$¢ biologiczng koniugatow, istotne znaczenie

mialy takze ich §rednica oraz potencjat zeta.

Zatem, w przedstawionej pracy wykazatam, ze biotynylowane dendrymery PAMAM G3
o odpowiednio zaprojektowanej architekturze majg zdolno$¢ do zwigkszania aktywnosci
biologicznej transportowanych zwigzkow 1 jednoczesnie same nie wykazujg toksycznosci, co
sprawia, ze moga by¢ wykorzystane jako bezpieczne nos$niki substancji aktywnych
biologicznie. Ponadto wyniki zawartych w rozprawie badan wskazuja na mozliwos¢
potencjalnego zastosowania otrzymanych koniugatow z o-mangostyng w lokalnej terapii

przeciwnowotworowej oraz przeciwnicieniowej.

Warto rowniez zwrdci¢ uwage na to, ze prezentowana praca doktorska stanowi swego
rodzaju przedstawienie procesu tworzenia potencjalnych lekow w skali laboratoryjnej. Praca
posiada etapy takie jak: selekcja zwigzkow-kandydatow, poprawa ich wlasciwosci poprzez
zwigzanie z no$nikiem polimerowym, analiza wlasciwosci biologicznych na modelach
in vitro oraz in vivo, ktore nosza cechy standardowych etapow procesu odkrywania lekow:

fazy koncepcyjnej, fazy odkrywania oraz fazy badan przedklinicznych.
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7. Wykaz rycin i tabel

Ryec. 1. Struktura chemiczna czasteczki ksantonu (9H-ksanten-9-onu) [wiasne, na

POUSLAWIE [B]]. +-.veveeerteiiieieei et 11
Ryc. 2. (A) Owocnia mangostanu [11] oraz (B) struktura chemiczna a-mangostyny

[wlasne, na podstawie [12]]. ..ccoeveiieiieie i 12
Ryec. 3. Struktura chemiczna vadimezanu [wtasne, na podstawie [37]]. ......cc.ccoovrvninnnne 13
Ryc. 4. Schematyczne przedstawienie struktury dendrymeru [[50], zmienione]. ........... 14

Ryc. 5. Uproszczony schemat syntezy dendrymeréow metoda (A) rozbiezng oraz (B)
zbiezng [[60], ZMIENIONE]. ...occviiiiiiee e 15

Tabela 1. Wartosci ICso obliczone na podstawie wynikow testow cytotoksycznosci NR
[ o P 35
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Chemistry & Biotechnology International Conference, Politechnika
Wroctawska, Wroctaw (konferencja online)

Uram Lukasz, Markowicz Joanna: ”Celecoxib substituted
biotinylated poly(amidoamine) G3 dendrimer as therapeutic agent for

temozolomide resistant glioma therapy” (poster)

V Ogolnopolska Konferencja Doktorantow Nauk o Zyciu BioOpen,
Wydziat Biologii i Ochrony Srodowiska Uniwersytet Eodzki, £odz
Markowicz Joanna, Uram Lukasz: ,,Potencjal przeciwnowotworowy
a-mangostyny wobec komorek raka ptaskonablonkowego na
podstawie badan wybranych parametréw komorkowych” (referat
ustny)

8" Intercollegiate Biotechnology Symposium "Symbioza", Warszawa
Markowicz Joanna, Uram Lukasz: “a-mangostin, a natural

compound from Garcinia mangostana Linn, exerts selective toxic



10-12.05.2019

18.05.2018

02-03.12.2017

activity against squamous carcinoma cells through inhibition of

proliferation, adhesion and apoptosis induction” (poster)

5" International Conference of Cell Biology, Krakow
Markowicz Joanna, Uram Lukasz: ”Biotinylated PAMAM G3
dendrimer conjugated with celecoxib as potential nanoparticle

delivery system in therapy of glioblastoma multiforme™ (poster)

I Ogodlnopolska Konferencja Naukowa "Polimery w Medycynie",1.0dZ
Markowicz Joanna, Pienkowska Natalia: ,,Analiza wlasciwosci
przeciwnowotworowych biotynylowanego dendrymeru PAMAM
generacji trzeciej, podstawionego Celekoksybem - badania in vitro”

(poster)

IV Ogdlnopolskie Sympozjum Biomedyczne ESKULAP, Lublin

Markowicz Joanna, Uram Lukasz: ,,Celekoksyb i Fmoc-L-Leucyna
skoniugowane z biotynylowanym dendrymerem PAMAM G3 jako
konstrukt lekowy do zastosowania w przeciwnowotworowej terapii

celowanej” (referat ustny)

1. Staze naukowe

08.01.2018 — 08.02.2018  Miesieczny staz naukowy w Instytucie Biologii

Doswiadczalnej im. M. Nenckiego PAN, Warszawa

IV. Nagrody za dzialalno$¢ naukowa

2020/2021

2020/2021

2017 — 2022

Stypendium Fundacji Czestawa M. Rodkiewicza — Edycja 2021 dla
doktorantéw prowadzacych badania w dziedzinie powigzania techniki

z naukami medycznymi

Stypendium dla najlepszych doktorantéw na kierunku Technologia

chemiczna z dotacji projakosciowe;j

Stypendium rektora dla najlepszych doktorantow na kierunku

Technologia chemiczna
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V. Inna dzialalno$§¢ w trakcie studiow doktoranckich

2017 — 2019 Przygotowanie oraz prowadzenic pokazow naukowych 0 tematyce
biotechnologicznej wraz z kotem naukowym INSERT podczas
Seminariéw ,,Wybrane Problemy Chemii”, Dni Otwartych
Politechniki Rzeszowskiej oraz Nocnych Spotkan z Nauka.

2017/2018 Realizacja autorskich pokazow naukowych dla uczniow szkot
ponadgimnazjalnych w ramach Roadshow 4. edycji programu
ADAMED SmartUP — projektu naukowo-edukacyjnego

popularyzujacego nauki $ciste 1 przyrodnicze.

2017 — 2022 Dziatalno$¢ w Kole Naukowym Studentéw Biotechnologii INSERT

VI.  Informacje naukometryczne

W(g bazy Web of Science (dane na dzien 24.10.2022):

e laczny Impact Factor prac: 38,161
e laczna liczba cytacji: bez autocytacji — 53, z autocytacjami — 67
e Indeks Hirscha: 4

Wg Google Scholar (dane na dzien 24.10.2022):

e Laczna liczba cytacji: 84
e Indeks Hirscha: 4
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Oswiadczenie doktoranta dotyczace merytorycznego i procentowego

udzialu w powstaniu artykulow naukowych
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’z POLITECHNIKA
A

al. Powstancow Warszawy 12, 35-959 Rzeszow
tel.: +48 17 865 1100, e-mail: kancelaria@prz.edu.pl
www.prz.edu.pl

RZESZOWSKA

im. IGNACEGO LUKASIEWICZA

Mgr inz. Joanna Drozdowska
Wydzial Chemiczny, Politechnika Rzeszowska
Katedra Chemii Nieorganicznej i Analitycznej

al. Powstancow Warszawy 6, 35-959 Rzeszow

e-mail: d409@stud.prz.edu.pl

Rzeszow, 28.09.2022

OSWIADCZENIE

Oswiadczam, ze w nizej wymienionych pracach moj udzial merytoryczny oraz

procentowy byl nastepujacy:

Lp. Tytul publikacji oraz informacje Udzial merytoryczny Udzial
bibliograficzne %o
[P1] | Markowicz Joanna, Uram FLukasz, | - wspoitworzenie koncepcji publikacji, 50%
Sobich Justyna, Mangiardi Laura, Maj | - wybor metodologii badan,
Piotr, Rode Wojciech. Antitumor and | - przeprowadzenie eksperymentéw na
anti-nematode activities of a-mangostin. | hodowlach komorkowych,
FEuropean Journal of Pharmacology. | - analiza, wizualizacja i opracowanie
2019 Nov 15;863:172678. | statystyczne wynikdw,
doi: 10.1016/j.ejphar.2019.172678 - zredagowanie i edycja tresci manuskryptu,
- odniesienie si¢ do uwag recenzentow i
zredagowanie koncowej formy publikacji,
- pelnienie funkcji autora korespondencyjnego
[P2] | Maj Piotr, Mori Mattia, Sobich Justyna, | - przeprowadzenie eksperymentéw na 14%
Markowicz Joanna, Uram Lukasz, | hodowlach komorkowych,
Zielinski Zbigniew, Quaglio Deborah, | - analiza, wizualizacja i opracowanie
Calcaterra Andrea, Cau Ylenia, Botta | statystyczne wynikow z czgscei biologicznej
Bruno, Rode Wojciech. Alvaxanthone, a

'&Ou ana Drozdouua

al. Powstanicéw Warszawy 6, 35-959 Rzeszow
tel.: +48 17 865 1652, e-mail: chemia@prz.edu.pl
www.wch.prz.edu.pl
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al. Powstaficow Warszawy 12, 35-959 Rzeszow
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Thymidylate Synthase Inhibitor with
Nematocidal and Tumoricidal Activities.
Molecules. 2020 Jun 23;25(12):2894.
doi: 10.3390/molecules25122894

62

[P3] | Markowicz Joanna, Uram FLukasz, | - wspdttworzenie koncepcji publikacji, 60%
Wotowiec Stanistaw, Rode Wojciech. | - przeprowadzenie eksperymentdw (syntezy
Biotin Transport-Targeting | chemiczne koniugatéw, pomiary NMR oraz
Polysaccharide-Modified PAMAM G3 | DLS, badania na hodowlach komérkowych
Dendrimer as  System  Delivering | oraz hodowli nicienia),
a-Mangostin into Cancer Cells and C. | - analiza, wizualizacja i opracowanie
elegans Worms. International Journal of | statystyczne wynikow,
Molecular  Sciences. 2021 Nov | - analiza obrazéw mikroskopowych,
29;22(23):12925. - zredagowanie i edycja tresci manuskryptu,
doi: 10.3390/ijms222312925 - odniesienie si¢ do uwag recenzentow i
opracowanie koncowej formy publikacji,
- petnienie funkcji autora korespondencyjnego
[P4] | Markowicz Joanna, Wolowiec Stanistaw, | - wspottworzenie koncepcji publikacji, 60%

Rode Wojciech, Uram Lukasz. Synthesis
and Properties of a-Mangostin and

Vadimezan Conjugates with
Glucoheptoamidated and Biotinylated
3rd Generation  Poly(amidoamine)
Dendrimer, and Conjugation Effect on
Their Anticancer and Anti-Nematode
Activities. Pharmaceutics. 2022 March
10;14(3):606.

doi: 10.3390/pharmaceutics14030606

- przeprowadzenie eksperymentow (syntezy
chemiczne koniugatow, pomiary NMR oraz
DLS, badania na hodowlach komoérkowych
oraz hodowli nicienia),

- analiza, wizualizacja i opracowanie
statystyczne wynikow,

- zredagowanie i edycja tresci manuskryptu,
- odniesienie si¢ do uwag recenzentow i
wspotopracowanie koncowej formy pracy,

- petnienie funkcji autora korespondencyjnego

b A0a  DrOdouina

al. Powstancow Warszawy 6, 35-959 Rzeszow
tel.: +48 17 865 1652, e-mail: chemia@prz.edu.pl
www.wch.prz.edu.pl
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)’ POLITECHNIKA l. Powstaficow Wi 12,35-959 R 0
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Dr hab. Lukasz Uram, prof. PRz
Wydziat Chemiczny, Politechnika Rzeszowska
Katedra Chemii Nieorganicznej i Analitycznej
al. Powstancow Warszawy 6, 35-959 Rzeszow
tel: (17) 743 20 12, e-mail: luram@prz.edu.pl
Rzeszéw, 28.09.2022

OSWIADCZENIE

Oswiadczam, ze w nizej wymienionych pracach méj udzial merytoryczny oraz

procentowy byt nastepujacy:

Lp. Tytul publikacji oraz informacje Udzial merytoryczny Udzial
bibliograficzne %o
[P1] | Markowicz Joanna, Uram Lukasz, Sobich | - wybor metodologii badan na hodowlach 30%
Justyna, Mangiardi Laura, Maj Piotr, Rode | komérkowych,
Wojciech. Antitumor and anti-nematode | - przeprowadzenie testu migracji komorek,
activities  of  a-mangostin.  European | - korekta tresci manuskryptu,
Journal of  Pharmacology. 2019 Nov | - odniesienie sie do uwag recenzentéw i
15;863:172678. wspolopracowanie koncowej formy pracy,
doi: 10.1016/j.ejphar.2019.172678 - pozyskanie $srodkéw na badania
[P2] | Maj Piotr, Mori Mattia, Sobich Justyna, | - przeprowadzenie obserwacji 14%

Markowicz ~ Joanna, ~Uram  Lukasz, | mikroskopowych,

Ziclinski  Zbigniew, Quaglio Deborah, | - zredagowanie i edycja tresci publikacji
Calcaterra Andrea, Cau Ylenia, Botta
Bruno, Rode Wojciech. Alvaxanthone, a
Thymidylate Synthase Inhibitor with
Nematocidal and Tumoricidal Activities.

Molecules. 2020 Jun 23;25(12):2894.

,

al. Powstancéw Warszawy 6, 35-959 Rzeszéw
tel.: +48 17 865 1652, e-mail: chemia@prz.edu.pl
www.wch.prz.edu.pl
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doi: 10.3390/molecules25122894

Rode Wojciech, Uram FLukasz. Synthesis

and Properties of a-Mangostin and

Vadimezan Conjugates with
Glucoheptoamidated and Biotinylated 3rd
Generation Poly(amidoamine) Dendrimer,
Effect on  Their
Anticancer and Anti-Nematode Activities.
Pharmaceutics. 2022 March 10;14(3):606.

doi: 10.3390/pharmaceutics14030606

and  Conjugation

- wybor metodologii badan biologicznych,
- korekta tresci czgsci biologicznej
publikacji,

- odniesienie si¢ do uwag recenzentow i

wspotopracowanie koncowej formy pracy

[P3] | Markowicz ~ Joanna, Uram FLukasz, - wspottworzenie koncepcji publikacji, 25%
Wolowiec ~ Stanistaw, Rode Wojciech. | - wybor metodologii badat biologicznych,
Biotin Transport-Targeting Polysaccharide- | - przeprowadzenie obserwacji z
Modified PAMAM G3 Dendrimer as | wykorzystaniem mikroskopu
System  Delivering a-Mangostin into | konfokalnego,
Cancer Cells and C.  elegans Worms. | - korekta tresci czgdci biologicznej
International ~ Journal — of  Molecular | publikacji,
Sciences. 2021 Nov  29;22(23):12925. | - odniesienie si¢ do uwag recenzentow i
doi: 10.3390/ijms222312925 wspotopracowanie koncowej formy pracy
[P4] | Markowicz Joanna, Wolowiec Stanistaw, | - wspottworzenie koncepcji publikacji, 20%
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Prof. dr hab. Wojciech Rode
Instytut Biologii Do$wiadczalnej im. M. Nenckiego PAN
ul. Ludwika Pasteura 3, 02-093 Warszawa
e-mail: w.rode@nencki.edu.pl

Rzeszow, 28.09.2022

OSWIADCZENIE

procentowy byt nastepujacy:

Oswiadczam, ze w nizej wymienionych pracach mdj udzial merytoryczny oraz

Lp. Tytul publikacji oraz informacje Udzial merytoryczny Udzial
bibliograficzne Yo
[P1] | Markowicz Joanna, Uram ELukasz, Sobich | - wspottworzenie koncepcji publikacii, 5%
Justyna, Mangiardi Laura, Maj Piotr, Rode | - korekta tresci publikacji,
Wojciech. Antitumor and anti-nematode | - odniesienie si¢ do czgsci uwag
activities of a-mangostin.  European | recenzentow,
Journal of Pharmacology. 2019 Nov | - pozyskanie srodkéw na badania
15;863:172678.
doi: 10.1016/j.ejphar.2019.172678
[P2] | Maj Piotr, Mori Mattia, Sobich Justyna, | - wspottworzenie koncepcji publikacji, 5%
Markowicz  Joanna, Uram Lukasz, | - redagowanie i edycja tresci
Zielinski Zbigniew, Quaglio Deborah, | manuskryptu,
Calcaterra Andrea, Cau Ylenia, Botta | - odniesienie si¢ do czg$ci uwag
Bruno, Rode Wojciech. Alvaxanthone, a | recenzentow,
Thymidylate Synthase Inhibitor with | - pelnienie funkcji autora
Nematocidal and Tumoricidal Activities. | korespondencyjnego,
Molecules. 2020 Jun 23;25(12):2894. | - pozyskanie $rodkéw na badania
doi: 10.3390/molecules25122894 i publikacje
[P3] | Markowicz Joanna, Uram FEukasz, | - wspottworzenie koncepcji publikacji, 5%
Wotowiec Stanistaw, Rode Wojciech. | - korekta tresci publikacji,
Biotin Transport-Targeting | - odniesienie si¢ do czgsci uwag
Polysaccharide-Modified PAMAM G3 | recenzentow,
Dendrimer as  System  Delivering | - pozyskanie srodkéw na badania
a-Mangostin into Cancer Cells and C. | i publikacje
elegans Worms. International Journal of
Molecular Sciences. 2021 Nov
29;22(23):12925.
doi: 10.3390/ijms222312925
[P4] | Markowicz Joanna, Wotowiec Stanistaw, | - wspottworzenie koncepcji publikacji, | 10%
Rode Wojciech, Uram Lukasz. Synthesis | - korekta tresci publikacji,
and Properties of «-Mangostin and | - odniesienie si¢ do czg$ci uwag
Vadimezan Conjugates with | recenzentow,
Glucoheptoamidated and Biotinylated 3rd | - pozyskanie srodkéw na badania
Generation Poly(amidoamine) Dendrimer, | i publikacje
and Conjugation Effect on  Their
Anticancer and Anti-Nematode Activities.
Pharmaceutics. 2022 March 10;14(3):606.
doi: 10.3390/pharmaceutics14030606
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Prof. dr hab. inz. Stanislaw Wolowiec

Kolegium Nauk Medycznych, Uniwersytet Rzeszowski

Zaktad Biochemii i Chemii Ogolnej, Instytut Nauk Medycznych

ul. Warzywna 1la, 35-310 Rzeszoéw

e-mail: swolowiec@ur.edu.pl

Rzeszow, 28.09.2022

OSWIADCZENIE

Os$wiadczam, ze w nizej] wymienionych pracach moj udzial merytoryczny oraz

procentowy byl nastepujacy:

Lp. Tytul publikacji oraz informacje Udzial merytoryczny Udzial
bibliograficzne %
[P3] | Markowicz  Joanna, Uram Lukasz, | - wybor metodologii badan w zakresie 10%
Wotowiec Stanistaw, Rode Wojciech. | syntez chemicznych,
Biotin Transport-Targeting Polysaccharide- | - przeprowadzenie syntezy natywnego
Modified PAMAM G3 Dendrimer as | dendrymeru PAMAM G3,
System Delivering | - przeprowadzenie czesci pomiarow
a-Mangostin into Cancer Cells and C. | NMR,
elegans Worms. International Journal of | - korekta tresci czesci chemicznej
Molecular Sciences. 2021 Nov | manuskryptu,
29;22(23):12925. - odniesienie si¢ do cz¢sci uwag
doi: 10.3390/ijms222312925 recenzentéw dotyczacych syntez
chemicznych
[P4] | Markowicz Joanna, Wolowiec Stanistaw, | - wybor metodologii badan w zakresie 10%

Rode Wojciech, Uram Lukasz. Synthesis

and Properties of o-Mangostin and

Vadimezan Conjugates with

Glucoheptoamidated and Biotinylated 3rd

syntez chemicznych,
- dostarczenie natywnego dendrymeru
PAMAM G3,
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Generation Poly(amidoamine) Dendrimer,
and Conjugation Effect on Their Anticancer
and Anti-Nematode Activities.
Pharmaceutics. 2022 March 10;14(3):606.
doi: 10.3390/pharmaceutics14030606

- przeprowadzenie czesci pomiar6w
NMR,

- korekta tresci czesci chemicznej
manuskryptu,

- odniesienie si¢ do czesci uwag
recenzentow dotyczacych syntez

chemicznych
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Dr Justyna Sobich
Instytut Parazytologii im. W. Stefanskiego PAN
ul. Twarda 51/55, 00-818 Warszawa

e-mail: jsobich@twarda.pan.pl

Warszawa, 28.09.2022

OSWIADCZENIE

Os$wiadczam, ze w nizej wymienionych pracach méj udzial merytoryczny oraz

procentowy byl nastepujacy:

Markowicz Joanna, Uram Lukasz, Zielifiski
Zbigniew, Quaglio Deborah, Calcaterra
Andrea, Cau Ylenia, Botta Bruno, Rode
Wojciech. Alvaxanthone, a Thymidylate
Synthase Inhibitor with Nematocidal and
Tumoricidal Activities. Molecules. 2020 Jun
23;25(12):2894.

doi: 10.3390/molecules25122894

eksperymentow z
wykorzystaniem hodowli nicieni,
- analiza, wizualizacja i
opracowanie wynikow badan na

C. elegans

Lp. Tytul publikacji oraz informacje Udzial merytoryczny Udzial
bibliograficzne %
[P1] | Markowicz Joanna, Uram Lukasz, Sobich | - wybor metodologii badan na 10%
Justyna, Mangiardi Laura, Maj Piotr, Rode | hodowli nicieni C. elegans,
Wojciech.  Antitumor and anti-nematode | - przeprowadzenie eksperymentu
activities of a-mangostin. European Journal of | z wykorzystaniem hodowli nicieni
Pharmacology. 2019 Nov 15;863:172678. | oraz analiza jego wynikow
doi: 10.1016/.ejphar.2019.172678
[P2] | Maj Piotr, Mori Mattia, Sobich Justyna, | - przeprowadzenie 14%
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Dr Piotr Maj
Uniwersytet w Géteborgu, Wydziat Chemii i Biologii Molekularnej
Uniwersytet w Uppsali, Wydziat Chemii — Centrum Biomedyczne

Email: piotr.maj@gu.se, piotr.maj@kemi.uu.se

Warszawa, 28.09.2022

OSWIADCZENIE

procentowy byl nastepujacy:

Oswiadczam, ze w nizej wymienionych pracach moj udzial merytoryczny oraz

Markowicz Joanna, Uram Lukasz, Zielifski
Zbigniew, Quaglio Deborah, Calcaterra
Andrea, Cau Ylenia, Botta Bruno, Rode
Wojciech. Alvaxanthone, a. Thymidylate
Synthase Inhibitor with Nematocidal and
Tumoricidal Activities. Molecules. 2020 Jun
23;25(12):2894. ,

doi: 10.3390/molecules25122894

aktywnosci badanych zwigzkéw
jako inhibitoréw syntazy
tymidylanowej,

- analiza, wizualizacja i
opracowanie wynikow dotyczacych
aktywnosci inhibitorow syntazy

tymidylanowej

Lp. Tytul publikacji oraz informacje Udzial merytoryczny Udziat
bibliograficzne %
[P1] | Markowicz Joanna, Uram Lukasz, Sobich | - udzial w przygotowaniu metodyki 3%
Justyna, Mangiardi Laura, Maj Piotr, Rode | badan wykorzystujacych model C.
Wojciech. Antitumor and anti-nematode | elegans.
activities of a-mangostin. European Journal
of Pharmacology. 2019 Nov 15;863:172678.
doi: 10.1016/j.ejphar.2019.172678
[P2] | Maj Piotr, Mori Mattia, Sobich Justyna, | - przeprowadzenie oznaczenia 14%

el
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Dr Zbigniew Zielinski
Instytut Biologii Doswiadczalnej im. M. Nenckiego PAN

ul. Ludwika Pasteura 3, 02-093 Warszawa

e-mail: z.zielinski@nencki.edu.pl

Warszawa, 28.09.2022

OSWIADCZENIE

Oswiadczam, ze w nize] wymienionych pracach mdj udzial merytoryczny oraz

procentowy byl nastepujacy:

Lp. Tytul publikacji oraz informacje Udzial merytoryczny Udzial
bibliograficzne %
[P2] | Maj Piotr, Mori Mattia, Sobich Justyna, | - udziat w eksperymentach 5%

Markowicz ~ Joanna, Uram Lukasz, | enzymologicznych.
Zielinski Zbigniew, Quaglio Deborah,
Calcaterra Andrea, Cau Ylenia, Botta
Bruno, Rode Wojciech. Alvaxanthone, a
Thymidylate Synthase Inhibitor with
Nematocidal and Tumoricidal Activities.
Molecules. 2020 Jun 23;25(12):2894. doi:
10.3390/molecules25122894

L
Dr Zbigniew Zieliniski
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X DIPARTIMENTO DI BIOTECNOLOGIE,
UN IXIEI?\IS/&TA : c\?uwc;\ E FARMACIA
DI
1240
Siena, 7 October 2022

To whom it may concern

STATEMENT

I declare that in the paper mentioned below, my substantive participation and percentage share was

as follows:
No. Publication title and bibliographic Substantive participation % share
information
[P2] | Maj Piotr, Mori Mattia, Sobich Justyna, - conducting in silico experiments and 14%
Markowicz Joanna, Uram tukasz, Zielifski retrieving the substances for biological
Zbigniew, Quaglio Deborah, Calcaterra testing
Andrea, Cau Ylenia, Botta Bruno, Rode - writing and editing of the manuscript

Wojciech. Alvaxanthone, a Thymidylate
Synthase Inhibitor with Nematocidal and
Tumoricidal Activities. Molecules. 2020 Jun
23;25(12):2894. doi:
10.3390/molecules25122894

Yours sincerely,
Mattia Mori

Associate Professor in Medicinal Chemistry
University of Siena, Department of Biotechnology, Chemistry and Pharmacy
Via Aldo Moro 2, 53100 Siena. Italy

Phone: +39 0577 232360 (office)
Phone: +39 0577 232488 (lab)
E-mail: mattia.mori@unisi.it

DIPARTIMENTO DI BIOTECNOLOGIE, CHIMICA E FARMACIA
*DIPARTIMENTO DI ECCELLENZA 2018 — 2022*
Via Aldo Moro, 2 - 53100 Siena
tel. +39 0577235959 - PEC: pec.dbcf@pec.unisipec.it
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Professor Bruno Botta

Department of Chemistry and Technology of Drugs, Department of Excellence 2018-2022

Sapienza University of Rome

Piazzale Aldo Moro 5, 00185 Rome, Italy
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ARTICLE INFO ABSTRACT
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a-Mangostin, one of the major xanthones isolated from pericarp of mangosteen (Garcinia mangostana Linn),
exhibits a wide range of pharmacological activities, including antioxidant, anti-inflammatory, antimicrobial as
well as anticancer, both in in vitro and in vivo studies. In the present study, a-mangostin' anti-cancer and anti-
parasitic properties were tested in vitro against three human cell lines, including squamous carcinoma (SCC-15)
and glioblastoma multiforme (U-118 MG), compared to normal skin fibroblasts (BJ), and in vivo against
Caenorhabditis elegans. The drug showed cytotoxic activity, manifested by decrease of cell viability, inhibition of
proliferation, induction of apoptosis and reduction of adhesion at concentrations lower than 10 uM (the ICsq
values were 6.43, 9.59 and 8.97 uM for SCC-15, U-118 MG and BJ, respectively). The toxicity, causing cell
membrane disruption and mitochondria impairment, was selective against squamous carcinoma with regard to
normal cells. Moreover, for the first time anti-nematode activity of a-mangostin toward C. elegans was described

(the LCso = 3.8 = 0.5uM), with similar effect exerted by mebendazole, a well-known anthelmintic drug.

1. Introduction

a-Mangostin belongs to the major xanthones isolated from pericarp
of mangosteen (Garcinia mangostana L.), which has long been used in
traditional medicine in South East Asia to treat inflammation, skin in-
fection, wounds and chronic ulcer. Numerous in vitro and in vivo studies
revealed a-mangostin exhibits a wide range of pharmacological activ-
ities, including antioxidant, anti-inflammatory, antimicrobial and an-
thelmintic (Ibrahim et al., 2016; Ovalle-Magallanes et al., 2017; Zhang
et al., 2017). Since cancer treatment still remains a challenge, antic-
ancer activity is particularly interesting and a-mangostin was demon-
strated to inhibit cancer cells proliferation and metastasis, as well to
induce apoptosis in certain human malignancies such as skin (Wang
et al., 2011), breast (Won et al., 2014), brain (Chao et al., 2011) and
digestive system (Shan et al., 2014) cancers.

a-Mangostin has been reported also to exert anticancer activity in
vivo, with significant reduction of tumor growth through induction of
apoptosis and cell cycle arrest (Zhang et al., 2017). In tongue mucoe-
pidermoid carcinoma (YD-15) xenografts, a-mangostin increased the
levels of pro-apoptotic factors (LEE et al., 2016). Mitochondria-medi-
ated apoptosis was observed in hepatocellular carcinoma (Sk-Hep-1)

xenograft mice (Hsieh et al., 2013). Cell cycle arrest induced by a-
mangostin has been proven by Johnson et al. (2012) on athymic nude
mice bearing prostate cancer.

Parasitic worms cause diseases mainly in developing countries with
over two billions of infected (Hotez et al., 2008). Due to the relatively
low number of available anthelmintics (Hu et al., 2013) and reports of
increasing resistance to these drugs among human parasites (Geary,
2012; Sutherland and Leathwick, 2011), potential a-mangostin activity
of this type seems also worthwhile to seek (Keiser et al., 2012). Con-
sidering several common features of cancers and parasites, as well as
antiparasitic properties of certain anticancer drugs and anticancer ac-
tivity of some antiparasitics (Dorosti et al., 2014; Klinkert and Heussler,
2006), potential mutual action should be taken into account. Moreover,
due to an increasing necessity to reduce testing on animals, Cae-
norhabditis elegans has emerged as in vivo model organism for anticancer
drug screening without the limitations of ethical boundaries. Im-
portantly, 60-80% of C. elegans genes have human homologs and many
similar conservative biological processes are described in both (Artal-
Sanz et al., 2006; Kobet et al., 2014; Kyriakakis et al., 2015).

Such a wide range of biological properties of a-mangostin are re-
lated to its chemical structure (see Fig. 1). The position and the number
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HO™ o OH

Fig. 1. Chemical structure of a-mangostin. The 9H-Xanthen-9-one ring is
marked in red with a numbering of carbons.

of attached prenyl and hydroxyl groups determine its anticancer
properties (Cai et al., 2016). Phenol groups on C3 and C6 are critical to
anti-proliferative activity and C4 modification is capable to improve
both anti-cancer and drug-like properties (Fei et al., 2014). Moreover,
considering the drug's potential target, the crystal structure of a-man-
gostin complex (PDB 6AA4) with MTH1 hydrolase should be men-
tioned. MTH1 hydrolyzes oxidized nucleoside triphosphates and pre-
vents their incorporation into DNA, making this enzyme crucial for
cancer cells in oxidative stress defense and becoming a potential target
for anticancer therapy (Yokoyama et al., 2019).

The present paper is aimed at assessing anti-cancer potential of a-
mangostin, tested against squamous carcinoma (SCC-15) and glio-
blastoma multiforme (U-118 MG) cell lines, representing the most
malignant and lethal types of human tumors, especially glioma (5-year
survival of 5% of patients) (Ostrom et al., 2014). Studies were per-
formed in comparison to normal fibroblasts. Cytotoxic, anti-pro-
liferative, anti-motile and pro-apoptotic properties, as well as in-
tracellular ATP level changes accompanying metabolic disturbances
were examined. Furthermore, the drug's anti-nematode potential was
checked, using Caenorhabditis elegans as a model of parasitic nematodes
(Biirglin et al., 1998).

2. Materials and methods
2.1. Materials

a-Mangostin (purity = 98% (HPLC)) was purchased from Sigma
Aldrich (St Luis, MO, USA) and dissolved in dimethylsulfoxide (DMSO)
to obtain 80 mM stock solution. The tested solutions of a-mangostin
were prepared from stock solution in a corresponding cell culture media
with adjusting the DMSO concentration to <0.05%, which had no
significant effect on treated cells.

Human glioblastoma (U-118 MG, ATCC® HTB-15), human squa-
mous cell carcinoma (SCC-15, ATCC® CRL-1623) and human normal
fibroblast (BJ, ATCC® CRL-2522) cell lines, Dulbecco's Modified Eagle's
Media (DMEM and DMEM: F-12), Eagle's Minimum Essential Medium
(EMEM), fetal bovine serum (FBS), penicillin and streptomycin solution
were obtained from American Type Culture Collection (ATCC,
Manassas, VA, USA). Trypsin-EDTA solution, phosphate-buffered saline
(PBS) with and without magnesium and calcium ions, hydrocortisone,
0.33% neutral red solution (3-amino-m-dimethylamino-2-methyl-phe-
nazine hydrochloride), XTT sodium salt (2,3-bis[2-methoxy-4-nitro-5-
sulfophenyl]-2H-tetrazolium-5-carboxanilide inner salt), phenazine-
methosulfate (PMS), 0.4% trypan blue solution, dimethylsulfoxide
(DMSO) and other chemicals and buffers were provided by Sigma-
Aldrich (St Louis, MO, USA). DAPI (4’,6-diamidino-2-phenylindole,
dihydrochloride) and CyQUANT® GR Cell Proliferation Assay Kit were
purchased from Life Technologies (Carlsbad, CA, USA). CellTiter-Glo®
Luminescent Cell Viability Assay for ATP level determination and Apo-
ONE® Homogenous Caspase-3/7 Assay were obtained from Promega
Corporation (Madison, WI, USA). All other cell culture materials were
from Corning Incorporated (Corning, NY, USA), Greiner (Austria) or
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Nunc (Denmark).
2.2. Cell cultures

Human glioblastoma cells U-118 MG (doubling time 37 h) were
cultured in DMEM, human squamous carcinoma cells SCC-15 (doubling
time 48h) were grown in DMEM: F-12 supplemented with hydro-
cortisone (400 ng/ml) and normal human skin fibroblasts (doubling
time 1.9 day) were cultured in EMEM. All culture media contained 10%
heat-inactivated FBS and 100 U/ml penicillin and 100 pg/ml strepto-
mycin. All cell lines were cultured at 37 °C in humidified 95% air,
containing 5% CO,, with media changed every 2-3 days. Cells were
passaged at 80-85% confluence after treatment with 0.25% trypsin-
EDTA in PBS (calcium and magnesium ions free). Cell morphology was
checked under Nikon TE2000S Inverted Microscope (Tokyo, Japan)
with phase contrast. Number and viability of cells were estimated by
trypan blue exclusion test using Automatic Cell Counter TC20TM
(Biorad Laboratories, Hercules, CA, USA). All assays were performed in
triplicates in three independent experiments.

2.3. Cytotoxicity (NR and XTT) assays

Cytotoxicity of a-mangostin was estimated by neutral red uptake
(NR) and XTT reduction assays allowing determination of cellular
membrane integrity and mitochondria condition, respectively. Cells
were seeded in a flat, clear bottom 96-well culture plate in three re-
plicates at a density of 1 x 10*cells/well and allowed to attach for
24 h. Then the cells were treated with a-mangostin (2.5-40 uM) for
48 h. After exposure to the drug, NR assay or XTT reduction assay was
performed as earlier described (Uram et al., 2017a).

2.4. Proliferation assay

Proliferation of a-mangostin-treated cells was monitored using the
CyQUANT GR Cell Proliferation Assay Kit. Cells were seeded in a flat,
clear bottom 96-well plate at a density of 5 x 10® and incubated for
24 h to attach. Then the cells were treated with 5-20 uM a-mangostin
solutions (200 pl/well) for 72h, followed by centrifugation (5 min,
700 g) and gentle culture medium removal. Afterwards the plate was
frozen at —80°C and thawed (repeated twice), 200 pl/well of
CyQUANT GR dye/cell-lysis buffer, prepared according to manufac-
turer's protocol was added, followed by incubation on a shaker for
5min and fluorescence measurement at 480/520nm with Tecan
Infinite M200 PRO Multimode Microplate Reader (TECAN Group Ltd.,
Switzerland).

2.5. Cell adhesion assay

To evaluate adhesiveness of cells treated with a-mangostin, the
crystal violet assay was performed. Cells were seeded in a 96-well clear
plate at a density of 1 x 10* (BJ and U-118 MG) and 2 x 10* (SCC-15)
cells/well, and allowed to attach for 24 h. Following attachment, cells
were incubated with 5-20 uM a-mangostin solutions for 48h, and
crystal violet assay was performed as described by Uram et al. (2013).

2.6. Cell migration assay

a-Mangostin influence on cell migration was estimated using the
scratch assay, known also as wound healing assay. Cells were seeded
into a 24-well plate at a density of 1 X 10° (for BJ and U-118 MG) and
2 x 10° (for SCC-15) cells/well in 600 pl culture medium and incubated
for 24h to attach and reach confluence. All subsequent steps were
carried out as previously described (Uram et al., 2017b). To inhibit cells
proliferation and avoid false results, decrease of the FBS concentration
in culture medium up to 2% was performed (Liang et al., 2007; Uram
et al.,, 2017b). The influence of lowering FBS concentration to 2% on
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Fig. 2. Viability of BJ, U-118 MG and SCC-15 cells
after 48 h treatment with a-mangostin at different
concentrations, determined by neutral red uptake
(A) and XTT reduction (C) assays. (D) Cancer (SCC-
15 and U-118 MG) and normal (BJ) cells prolifera-
tion after 72 h incubation with a-mangostin in the
range of 5-20 uM concentrations. Results, presented
as medians of triplicate assays in three independent
experiments, are expressed as % of non-treated
controls. The whiskers are lower (25%) and upper
(75%) quartile ranges. *P < 0.05; Kruskal-Wallis
test (against non-treated control). (B) Cell mor-
phology and neutral red accumulation after a-
mangostin treatment and 1 h incubation with neu-
tral red dye. Red vesicles are lysosomes containing
dye. Numbers indicate a micromolar concentration

%y;;[:g% of a-mangostin. Images were collected with
Olympus IX-83 microscope with contrast phase
(scale bar = 50 ym).
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cell proliferation was tested and proliferation inhibition confirmed.
2.7. Determination of intracellular ATP level

Estimation of intracellular ATP level (reflecting cell energy meta-
bolism condition) in a-mangostin-treated cells was carried out using
CellTiterGlo® Luminescent Cell assay. Cells were plated in a flat, clear
bottom 96-well plates at a density of 1 x 10*/well and treated with
5-20 uM a-mangostin solutions (100 pl/well) for 48 h. The CellTiter-
Glo® Reagent was prepared accordingly to manufacturer's protocol and
added 100 pl/well, followed by 10 min incubation on plate shaker.
Luminescence was measured in Tecan Infinite M200 PRO microplate
reader and adjusted relatively to the number of cells per well (the
number of cells was determined by fluorescence measurement after
DAPI staining).

2.8. Apoptosis assay

Apo-ONE® Homogenous Caspase-3/7 Assay was performed to verify
whether a-mangostin would induce programmed cell death in tested
cells. The assay allows to measure activity of caspase-3 and -7, two
executive caspases involved in a late stage of apoptosis (Elmore, 2007).
To perform an assay cells were seeded in a flat, clear bottom 96-well
microplate (1 X 10%/well) and treated with a-mangostin under condi-
tions described above. After treatment, Apo-ONE® Caspase-3/7 Reagent
was prepared according to manufacturer's protocol and added in a
1:1 vol ratio followed by 1.5h incubation on a plate shaker. Fluores-
cence was read at 495/525 nm with Tecan Infinite M200 PRO Multi-
mode Microplate Reader (TECAN Group Ltd., Switzerland), adjusted in
relation to the number of cells per well (the number of cells was de-
termined by fluorescence measurement after DAPI staining).

2.9. Toxicity to Caenorhabditis elegans, a nematode parasite model

C. elegans was maintained as previously described (Wirniska et al.,
2005). The effect of a-mangostin or mebendazole (the latter used as a
positive control) on C. elegans population growth was determined ac-
cording to Simpkin and Coles (1981), with the chlorhexidine pre-
washing step omitted, by comparing the population levels reached in

*
*
*
*
*
i
7.5 10 20

Concentration [uM]

the control and test wells after 7 days of incubation at 20 °C. Tests were
done in 12-well plates, with two wells used for each experimental
group. Mebendazole was used in a parallel test as a positive control.

2.10. Statistical analysis

Due to the lack of normal distribution in the experimental groups,
statistical analysis was performed using the non-parametric Kruskal-
Wallis test to estimate the differences between the a-mangostin-treated
cells and non-treated control in each cell lines, P < 0.05 was considered
as statistically significant. Calculations were performed using Statistica
12 (StatSoft). In addition, ICs, values were calculated based on results
of the cytotoxicity assays (NR and XTT) using MS Excel. Medians of
viability (%) were plotted against a-mangostin concentration (uM),
followed by transforming the X axis to logarithmic. Using logarithmic
regression, y = a*In(x) +b equation was obtained and used to calculate
the a-mangostin concentration corresponding to the cells viability de-
crease by 50%. The results describing reduction of C. elegans population
are presented as LCso values being means *+ S.E.M., followed by the
number of independent experiments (N) in parentheses.

3. Results
3.1. Cytotoxicity and cells proliferation

The biological effect of a-mangostin on normal (BJ) and cancer cells
(U-118 MG and SCC-15) was estimated with two viability assays:
neutral red uptake (NR) and reduction of tetrazolium salts (XTT). NR is
one of the most sensitive assays, which relies on the uptake and re-
tention of neutral red dye within lysosome compartments of the viable
cells. XTT in turn, evaluates the reducing properties of trans-plasma
membrane electron transport including the activities of mitochondrial
oxidoreductases (Repetto et al., 2008; Uram et al., 2017a). Ad-
ditionally, a-mangostin influence on cells proliferation after 72h
treatment was measured with the CyQUANT GR Cell Proliferation
Assay Kit, which delivers CyQUANT GR dye that binds to DNA of intact
cells and, after excitation at 480 nm, emits green fluorescence propor-
tional to the cell number.

a-Mangostin revealed concentration- and cell-type-dependent
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effect, in both toxicity and proliferation assays, as shown in Fig. 2.

The strongest effect of a-mangostin, monitored by the NR assay, was
observed in squamous carcinoma cells, with significant decrease of
their viability to about 40% at 7.5 M concentration, then reducing it to
zero at the highest concentrations. Activity of a-mangostin against U-
118 MG and BJ cells was lower, with cell viability at 7.5 and 10 uM
concentration being around 60%, and total viability reduction observed
only at 20 and 40 uM concentrations (Fig. 2A). This effect was also
visible during microscopic observations, presented in Fig. 2B. As the
concentration of a-mangostin increased, accumulation of neutral red in
lysosomes decreased and the cell morphology changed, followed by
cells shrinkage and loss of adhesion. At 20 uM concentration only
normal BJ cells were alive but at 40 UM concentration almost all cells
lost their adhesion (Fig. 2B). With the use of the XTT assay similar
toxicity pattern was demonstrated of a-mangostin against SCC-15 cells,
with glioma and fibroblast cells showing weaker response (Fig. 2C). The
highest sensitivity of SCC-15 cells to the drug, demonstrated by both NR
and XTT assays, is reflected also by the ICsq values (insets in Fig. 2A and
Q).

Due to high toxicity and lack of viable cells, 40 uM concentration of
a-mangostin was omitted in further studies.

The effect of a-mangostin on proliferation of investigated cells was
closely correlated with its toxicity pattern (Fig. 2C). Stronger inhibition
of proliferation was observed for SCC-15 cells (reduction to 12% at
7.5-20 uM drug) than glioma cells (2.5-fold weaker at 10 uM drug) or
fibroblasts (reduction to 49% at 20 uM drug).

3.2. Cellular motility

Cellular motility is a cell movement from one location to another,
with associated consumption of energy, constituting a very important
parameter of the cancer metastasis process. Cell motility phenomenon
relies on adhesion and migration of a cell, resulting from interactions of
adhesion receptors on the cell surface with immobile constituents of
extracellular matrix or on the surface of other cells (Soloviev et al.,
2006).

Adhesion of cancer (SCC-15 and U-118 MG) and normal (BJ) cells
after incubation with a-mangostin was assessed with crystal violet dye
that stains DNA in the nuclei of intact adherent cells. Squamous car-
cinoma cells were more susceptible to the adhesion loss than glioma
and fibroblast cells. Results presented in Fig. 3A, show significantly
stronger decrease of adhesion of SCC-15 than fibroblasts and glioma
cells under influence of a-mangostin.

At the highest concentration all tested cells lost their adhesion.
Microscopic observations (Fig. 3B), in accord with results of measure-
ment demonstrated the number of adherent cells to decrease with in-
creasing a-mangostin concentration; in particular, this was evident for
10 uM concentration applied with SCC-15 and BJ cells.

The scratch assay is a common method for evaluation of cell mi-
gration in vitro (Liang et al., 2009), allowing reveal reorganization of
the actin cytoskeleton and mimic to some extent migration of cells in
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Fig. 4. (A) Cancer (SCC-15 and U-118 MG) and normal (BJ) cells migration
after incubation with a-mangostin at the range of 0.63-10 UM concentrations
estimated with scratch assay. Results are presented as medians and whiskers are
lower (25%) and upper (75%) quartile ranges. *P < 0.05, Kruskal-Wallis test
(against non-treated control). (B) Representative images of scratch assay of BJ,
SCC-15 and U-118 MG cells treated with a-mangostin. Images were obtained
using inverted phase contrast microscope (10 X objective for BJ and SCC-15,
scale bar = 100 pm; 4 X objective for U-118 MG, scale bar = 200 pm).

vivo. In our experiments migration of cancer cells SCC-15 and U-118
MG was stopped only at 10 uM of a-mangostin, whereas migration of
fibroblasts was distinctly more sensitive to the drug (decrease to the
12.7% of the control at 5puM a-mangostin; Fig. 4A and B).

3.3. Apoptosis and ATP level changes

In order to determine pro-apoptotic activity of a-mangostin and its
influence on intracellular ATP level in the studied cells, the Apo-ONE®
Homogenous Caspase-3/7 (Promega) and CellTiterGlo® Luminescent
Cell (Promega) assays were applied. The results are shown as a

Fig. 3. Adhesiveness of BJ, U-118 MG and SCC-
15 cells after 48 h incubation with a-mangostin at
different concentrations obtained with crystal violet
assay. A) Results are medians of triplicate assays of
three independent experiments expressed as a % of
non-treated controls. The whiskers are lower (25%)
and upper (75%) quartile ranges. *P < 0.05,
Kruskal-Wallis test (against non-treated control). B)
Cells morphology and adhesion to the bottom of 96-
well plate after 48 h a-mangostin treatment and
after 30 min incubation with crystal violet.
Numbers indicate a micromolar concentration of a-
mangostin. Images collected with Olympus IX-83
microscope with contrast phase. Violet signal:
crystal violet, scale bar = 200 pum.

204M
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Fig. 5. Changes of caspase-3/7 activity and in-
tracellular ATP level in BJ, U-118 MG and SCC-
15 cells after 48 h treatment with 5-20 pM con-
centration range of a-mangostin, measured with
Apo-ONE® Homogenous Caspase-3/7 assay and
CellTiterGlo® Luminescent Cell assay, respectively.
Results are medians of triplicate assays from three
independent experiments expressed as a % of non-
treated controls and presented in logarithmic graph.
The whiskers are lower (25%) and upper (75%)
quartile ranges. *P < 0.05, Kruskal-Wallis test
(against non-treated control).

3000
~o00 U-118 MG
_ 1000
£ 700
S 500
Q
d
§ 300
200! _
- - 5.0
i
0 5 7.5 10 20 0 5 7.5 10 20
170!
Concentration [uM]
1000 BJ
800
500
g - lApopt05|s
§ 200 i ATP
6
& 75%
® 100 =
80 ¥ ¥ Median
50 ) 25%
30
0 5 7.5 10 20

Concentration [uM]

relationship between the intracellular ATP level and executioner cas-
pases activity in each cell line (Fig. 5).

a-Mangostin induced apoptosis in all the tested cell lines, with
lower concentrations affecting cancer than normal cells. While a sig-
nificant increase of caspases activity in SCC-15 and U-118 MG cells was
apparent already at 10 uM a-mangostin, the corresponding effect in
fibroblasts required 20 pM of drug. At 10 uM a-mangostin caspase-3/7
activity in squamous carcinoma cells was 5-fold higher than in glioma
cells (865% and 180% of control, respectively). Interestingly, in fibro-
blasts at non-toxic concentrations a significant decrease of caspse-3/7
activity was observed.

When activity of caspases in SCC-15cells has been raising, in-
tracellular ATP level was undergoing reduction to 80%, and then to
12%. Different effect was seen in U-118 MG cells, where at the non-
toxic concentrations of the drug, activity of caspases was not growing
but ATP level significantly increased to 130% and then returned to
control level at the highest drug concentration. In case of fibroblasts, no
changes in the intracellular ATP level were observed at the range of
studied concentrations.

3.4. Toxicity to C. elegans

The nematode Caenorhabditis elegans, a multicellular organism
widely recognized as a model for basic biological and medical research,
is also used to model a live animal in anti-cancer drug screening (Kobet
et al., 2014). In the present study it was used to model parasitic ne-
matodes, in order to test a potential antiparasitic effect of a-mangostin.
The results revealed a-mangostin to cause reduction of growth of C.
elegans population with the LCs, value of 3.8 + 0.5uM (5). Of note is
that mebendazole, tested in parallel experiments, showed slightly lower
activity, reflected by the LCso value of 4.0 + 0.5uM (10), the latter in
accord with the finding of 1.2 uM concentration of this drug being the
minimum detectable dose against C. elegans (Simpkin and Coles, 1981).

4. Discussion

a-Mangostin shows strong pharmacological effects in a variety
cancer models, including breast, prostate, lung, colon, pancreatic
cancer and leukemia, both in vitro and in vivo (Akao et al., 2008; Cai
et al., 2016; Ibrahim et al., 2016). Cai et al. (2016) revealed that a-

mangostin inhibits cell proliferation in four hepatocellular carcinoma
(HCC) cell lines in a dose- and time-dependent manner, with the ICsq
values in the range of 10 uM, by inducing the GO/G1 phase cell cycle
arrest. Anti-proliferative effect of a-mangostin was demonstrated also
by Matsumoto et al. (2005) with human colon cancer cells (DLD-1),
where the drug caused cell-cycle arrest in the G1 phase and subsequent
induction of apoptosis via the intrinsic pathway resulting in nuclear
condensation and fragmentation. The same author described studies on
four human leukemia cell lines (HL60, K562, NB4 and U937) and re-
ported cell growth inhibition and apoptosis induction at 5-10 uM
concentrations of a-mangostin after 24-72h incubation (Matsumoto
et al., 2003).

The presented results are in line with reports from other researchers.
The strongest cytotoxic effect was seen in squamous carcinoma cells
with the ICsy equal 6.43 M (NR assay) and total viability reduction at
concentrations = 10 uM after 48h treatment. The toxic effect of a-
mangostin in SCC-15 cells caused the disruption of the cell membrane
integrity and mitochondria functions. Similar toxic effect against
human skin cancer cells was observed for human oral squamous car-
cinoma cells (HSC-2, HSC-3 and HSC-4 cell lines). The ICso values de-
termined after 24 h treatment were 8-10 uM (Kwak et al., 2016) and for
human melanoma cell lines, SK-MEL-2 and SK-MEL-30 after 48h of
incubation with a-mangostin, the ICso values were 8.14uM and
7.78 uM, respectively (Xia et al., 2016). Likewise, for human melanoma
cells SK-MEL-28, the ICso, determined after 48h treatment, was
5.92uM (Wang et al., 2011). Also Kaomongkolgit et al. (2011) found
that a-mangostin at 3 ugmL~1(7.32 M) concentration after 48 h ex-
posure, displayed moderate cytotoxicity against head and neck squa-
mous carcinoma cell lines (HN-22, HN-30, and HN-31 cells) with in-
hibition rates of 45%-60%.

Glioma and fibroblast cells showed a weaker response in both tests,
as confirmed by the ICsq values, which in the XTT assay for U-118 MG
were 2-fold higher than for SCC-15 cells (18.15uM against 7.72 pM),
and a significant decrease of cell viability was seen at concentrations
above 20 uM. Moreover, a-mangostin-mediated-toxicity in glioma and
fibroblasts was mostly achieved by destroying cell membrane. Stronger
effect of a-mangostin against two glioblastoma cell lines has been re-
vealed by Chao et al. (2011), who obtained the ICso values 6.4 uM for
GBM8401 and 7.3uM for DBTRG-05MG after 48 h treatment using
WST-1 assay.
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Anticancer activity of a-mangostin was also manifested by inhibi-
tion of cell proliferation. After 72 h treatment with a-mangostin, SCC-
15 cells displayed significant reduction of proliferation at concentra-
tions =7.5uM. However, U-118 MG cells showed a lower sensitivity
than SCC-15 (83% against 31% at 10 uM), with BJ cells exhibiting the
weakest response.

Cytotoxic effect of a-mangostin also affected cells motility. This
parameter was assessed by crystal violet and scratch assay, which de-
termine cells adhesion and migration, respectively. Cell adhesion plays
an essential role in stimulating signals that regulate cell differentiation,
cell cycle, cell migration and cell survival. Dysregulation of these cel-
lular processes is involved in initiation and/or progression of various
diseases including cancer metastasis. The cell adhesion plays a pivotal
role in the driving force production of the cell migration (Zhong et al.,
2012). Cell adhesiveness is generally reduced in human cancers and
decreases in line with their increasing “metastatic potential”. Tumor
cells are characterized by changes in adhesion to ECM (extracellular
matrix) due to possessed alterations in the expression and pattern of
plasma-membrane protein complexes (Ahmad Khalili and Ahmad,
2015; Uram et al., 2017b).

Some research groups have studied anti-metastatic potential of a-
mangostin. In the research conducted by Zhang et al. (2018) a-man-
gostin inhibited migration of A549 cells in a dose-dependent manner. At
5uM concentration, cellular migration was found to be inhibited by
almost 33% and in the presence of 10 pM a-mangostin, migration was
inhibited by 60%. It has been proven that a-mangostin displayed anti-
metastatic effects also in human skin cancer cell lines, melanoma and
squamous cell carcinoma. Beninati et al. (2014) observed a marked
reduction (by 70%) of the adhesion of human melanoma cells (A375)
and the invasion decrease by 38% and 28% in SK-MEL-28 and
A375 cells, respectively after treatment with 15puM a-mangostin. Ac-
cording to Wang et al. (2012), a-mangostin inhibited motility, adhe-
sion, migration and invasion of human squamous carcinoma (A-431)
and human melanoma (SK-MEL-28) cells after 48-h treatment. The
migration inhibitory effect was found to be concentration-dependent
and was the most marked for the concentration of 1.25 pg/ml (3.05 uM)
for A-431 (migration reduced to 6%) and 2.5 pug/ml (6.1 uM) for SK-
MEL-28 (migration reduced to 23%). The adhesive capability decreased
to around 55% and to 61% for A-431 and SK-MEL-28 cells, respectively.

In our research, a-mangostin showed the strongest effect of redu-
cing cellular adhesion in squamous carcinoma cells. This cell line de-
monstrated 60% loss of adhesion at 10 uM concentration of a-man-
gostin while glioma cells did not reveal significant adhesion decrease at
the same concentration. Moreover, at toxic a-mangostin concentra-
tions, migration of each tested cell line was reduced to about zero,
however at non-toxic concentrations (< 10 uM) ability to migrate was
affected only in normal cells. Referring to cytotoxicity results, at 10 and
20 uM concentrations of a-mangostin, all tested cells remained dead, so
the adhesion and migration decrease is likely due to the toxic action of
the compound, therefore it will not have the anti-metastatic potential.
Such effect would be suspected if the reduction of cancer cells adhesion
and/or migration occurred at non-toxic concentrations.

a-Mangostin potential to induce apoptosis has been documented by
numerous studies. Zhang et al. (2018) demonstrated that drug treat-
ment caused a dose-dependent induction of apoptosis, associated by an
increased Bax/Bcl-2 ratio in human lung cancer cell (A549). According
to Wang et al. (2011), a-mangostin induced apoptosis in human mel-
anoma SK-MEL-28 cell line, due to caspase activation and mitochon-
drial membrane pathway disruption, revealed by 25-fold increase in
caspase-3 activity and 9-fold decrease in mitochondrial membrane po-
tential when compared to untreated cells. In accord, a-mangostin in-
duced mitochondrial-dependent apoptosis in human hepatoma SK-Hep-
1cells (Hsieh et al.,, 2013), and in human leukemia HL60 cells
(Matsumoto et al., 2004), with activation of caspase-9 and -3 but not
caspase-8. Parameters of mitochondrial dysfunctions such as swelling,
loss of membrane potential, decrease in intracellular ATP, ROS
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accumulation and cytochrome c/AIF release, were observed within 1 or
2 h after the treatment, indicating that a-mangostin preferentially tar-
gets mitochondria in the early phase. There is also an evidence of Chao
et al. (2011) that a-mangostin in 2.5-10 uM concentrations does not
induce apoptotic cell death in glioblastoma cells (GBM8401 and
DBTRG-05MG cell lines) after 48 h of incubation, but autophagy with
formation of acidic vesicular organelles (AVOs) and autophagic va-
cuoles.

In our research, a-mangostin induced apoptosis both in cancer and
normal cells, but in squamous carcinoma cells this process has started
earlier, with caspase 3 and 7 activities 5-fold higher than in glio-
blastoma cells. In addition, induction of apoptosis in SCC-15 cells was
accompanied by ATP decrease. Pradelli et al. (2014) established the loss
of energy production during apoptosis, orchestrated by caspases, to be
involved in the dismantling of the dying cell. Interestingly, U-118 MG
cells at non-toxic concentrations of a-mangostin displayed increase of
ATP level, presumably providing energy for pro-apoptotic proteins
synthesis. In contrast, fibroblasts showed no changes of ATP level in the
drug-treated cells. In this context it should be mentioned that Pradelli
et al. (2014) demonstrated the decrease of cellular ATP level during
apoptosis in a caspase-dependent manner, as a consequence of a cas-
pase-dependent inhibition of glycolysis.

Certain selectivity of a-mangostin, showing stronger toxicity toward
tumor squamous carcinoma than glioblastoma and normal cells, ac-
cording with previous observations of cell type-dependent drug activity
and related potential for human skin cancer and leukemia treatment
(Kaomongkolgit et al., 2011; Matsumoto et al., 2003). Moreover, it is
noteworthy that a-mangostin preferentially targeted cancer cells over
non-cancerous cells, indicating some potential as a chemopreventive or
selective anticancer agent (Shan et al., 2011).

Of particular interest is anti-nematode activity of a-mangostin,
especially as the drug is similarly toxic toward C. elegans as mebenda-
zole, a known anthelmintic drug (McKellar and Scott, 1990; Simpkin
and Coles, 1981), and rather more toxic than certain other anthel-
mintics, including albendazole (Hu et al., 2013; Sant'anna et al., 2013),
ivermectin, nitazoxanide and pyrantel (Hu et al., 2013). Of note is also
that a-mangostin lacked activity or showed only low activity against
several other nematode species (Keiser et al., 2012). Thus, further
parallel studies of antiparasitic and anticancer properties of a-man-
gostin and its analogues are warranted, aimed at potential shared target
(s) (Dorosti et al., 2014).

5. Conclusions

a-Mangostin, a xanthone derivative from the pericarp of the man-
gosteen, with a wide range of biological activity (Ibrahim et al., 2016),
displayed at concentrations lower than 10 uM cytotoxic activity, man-
ifested by cell viability decrease, inhibition of proliferation, induction
of apoptosis and reduction of adhesion. The toxicity, causing cell
membrane disruption and mitochondria impairment, showed certain
selectivity, being somewhat stronger with tumor squamous carcinoma
than glioblastoma and normal cells. Of interest, a-mangostin demon-
strates, beside antitumor also anti-nematode activity, suggesting further
studies in search of mechanism(s) of both activities.
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Abstract: With the aim to identify novel inhibitors of parasitic nematode thymidylate synthase
(TS), we screened in silico an in-house library of natural compounds, taking advantage of a model
of nematode TS three-dimensional (3D) structure and choosing candidate compounds potentially
capable of enzyme binding/inhibition. Selected compounds were tested as (i) inhibitors of the reaction
catalyzed by TSs of different species, (ii) agents toxic to a nematode parasite model (C. elegans
grown in vitro), (iii) inhibitors of normal human cell growth, and (iv) antitumor agents affecting
human tumor cells grown in vitro. The results pointed to alvaxanthone as a relatively strong TS
inhibitor that causes C. elegans population growth reduction with nematocidal potency similar to the
anthelmintic drug mebendazole. Alvaxanthone also demonstrated an antiproliferative effect in tumor
cells, associated with a selective toxicity against mitochondria observed in cancer cells compared to
normal cells.

Keywords: thymidylate synthase; inhibitor; nematocidal activity; cytotoxicity; xanthones

1. Introduction

Thymidylate synthase (TS; EC 2.1.1.45) catalyzes the reductive methylation of deoxyuridine
monophosphate (AUMP) by N>!0-methylenetetrahydrofolate (meTHF) to generate thymidylate (ATMP)
and dihydrofolate. Being the sole de novo source of dTMP in animal cells [1], the enzyme is consequently
a target of antitumor, antiviral, antifungal, and antiprotozoan chemotherapy [2-9].

Parasitic nematodes belong to the most common infectious agents, and the majority of infections
affect developing countries [10-12]. In our previous studies, we were interested in Trichinella spiralis,
which is responsible in both developing and developed countries for a serious disease, i.e.,
trichinellosis [13], and a free-living nematode Caenorhabditis elegans, which is often used as a model
organism in parasitological studies [14-16]. Of particular interest was a high TS-specific activity present
throughout the developmental cycles of the two nematode species, including their developmentally
arrested forms (lacking cell proliferation and thus expected to show TS activity either low or none

Molecules 2020, 25, 2894; d0i:10.3390/molecules25122894 www.mdpi.com/journal/molecules


http://www.mdpi.com/journal/molecules
http://www.mdpi.com
https://orcid.org/0000-0002-9832-2344
https://orcid.org/0000-0003-2398-1254
https://orcid.org/0000-0001-5075-0879
https://orcid.org/0000-0002-0263-2621
https://orcid.org/0000-0002-7964-0777
https://orcid.org/0000-0003-0987-5375
https://orcid.org/0000-0001-7036-6620
https://orcid.org/0000-0001-8707-4333
https://orcid.org/0000-0003-4809-4571
http://dx.doi.org/10.3390/molecules25122894
http://www.mdpi.com/journal/molecules
https://www.mdpi.com/1420-3049/25/12/2894?type=check_update&version=2

Molecules 2020, 25, 2894 20f17

at all), including T. spiralis infective muscle larvae [16-19] and C. elegans dauer larvae [17], the latter
corresponding to developmentally arrested infective larvae of parasitic nematodes [14]. It pointed
to the high TS level as a result of an unusual cell cycle regulation, leading to a long-term cell cycle
arrest, in the developmentally arrested larvae (discussed in Reference [17,18]). Although TS protein
in those larvae is probably catalytically irrelevant (no DNA synthesis), it may play a regulatory role
in view of the enzyme’s certain non-catalytic activities, including capacity to bind mRNA (its own
and some others) and inhibit translation, with potential regulation of several cellular genes [19,20],
as well as an oncogene-like activity [21]. Thus, in view of the latter, a possibility to selectively interfere
with nematode TS catalytic/non-catalytic activities could be applied not only in an attempt to kill a
parasite but also to study the physiological significance of the high expression of TS in nematodes’
cells, particularly in their developmentally arrested larvae.

The present study was aimed at seeking new TS inhibitors within the in-house library of natural
compounds and their derivatives (around 1000 compounds) organized and maintained by the group
of Professor Bruno Botta of Sapienza University of Rome. Of particular interest was a possibility
of inhibition of parasitic nematode TS. Thanks to the availability of a model nematode TS X-ray
crystallographic structure, candidate compounds potentially capable of enzyme binding/inhibition
were identified by means of a structure-based virtual screening of the above library. In an attempt to
make the best use of the results of the screen and considering a strong conservation of the enzyme
protein [5], the selected compounds, confirmed to be TS inhibitors, were tested not only as antinematode
but also as antitumor agents. Therefore, the tested properties included (i) potential to inhibit the
reaction catalyzed by TSs of different specific origin, (ii) toxicity to a nematode parasite model (C. elegans
grown in vitro), (iii) potential to inhibit normal human cell growth, and (iv) antitumor activity affecting
human tumor cells grown in vitro.

2. Results

2.1. Chemical Library and Virtual Screening

The in-house library of natural product contains around 1000 small molecules isolated,
purified, and characterized mostly from plants used in the traditional medicine of South America
countries, as well as a number of chemical derivatives. The library owns a significant chemical
diversity and was already used as source of hit and lead compounds in previous drug discovery
projects [22-27]. To pursue the aim of identifying potential TS inhibitors, here, 865 compounds from
the library were screened against the crystallographic structure of C. elegans TS in complex with
2’-deoxyuridine-5’-monophosphate (dUMP) and the small molecule inhibitor Tomudex (PDB ID:
41QQ). Docking simulations were carried out with FRED (OpenEye scientific software) on the Tomudex
binding site, after removing the coordinates of Tomudex and co-crystallized water molecules from the
receptor structure. Docking results were then sorted according to the FRED score, which is calculated
by the Chemgauss4 function, while the shortlist of compounds to select for biological studies was
finalized by a combination of score, visual inspection, and chemical diversity. This operation led to the
selection of 20 natural compounds as putative TS inhibitors (Table 1).
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Table 1. Assessment of the ICsy values describing inhibition of thymidylate synthases (TSs) of different
origin by compounds selected by the 3D structure-based virtual search of the in-house library of
natural compounds (Table 1, compounds 1-20) and obtained from that library, and by a-mangostin
(Table 1, compound 21), a close structural analogue of alvaxanthone, included in the study after learning
inhibitory properties of the latter and purchased from a commercial source.

Compound ICsp [uM] Assessment (% Remaining Activity) ?
(No.) Structure
: mTS hTS CeTS TsTS
o o
Curcumin H;CO. N > OCH, >50(83) >50(86) >50(84)
1) o O O on <500(37) <500(20) <500(30) >500(73)
Aloin >100094)  >100(83)

>1000(95) >1000(93)

2) <1000(49)  <1000(36)

Chloro%;; fc acid HO\“@OJ\/\Q\ >1000(83) >1000(76) >1000(82)  >1000(94)
OH
OH

OH
OH O
Phloretin >10078)  >10086)  >100(82)
@) <100045) <100031) <1000(48) > 1000(61)
HO OH OH
OH O . OCH;
Sophoronol ~ >10075)  >100(75)  >100(77) >100(74)
(5) O O <1000(10)  <10008)  <1000(8) <1000(35)
HO o) O
H,CO_O
Bixin C . . >67(93) >67(76)
6) oA, Z0073)  (EO7NIY ) <667(47)
OH
oL~
Myricetind-OAc o o O S S10061)  >10056)  >10069) 00
@) O | OH <100049)  >1000(31)  <1000(28)
OH
OH O
(:)H
o o o
Agnuside HO N0 3 >100(90)  >100(100)
P 5y 10072 oo 1000 100063
R
H oH
OH O
Clusiacitran A O O >100(89)  >100(88)
©) o o >100002)  j000a7)  <1000a4) > 100005)
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Table 1. Cont.

Compound ICsp [uM] Assessment (% Remaining Activity) @
(No.) Structure
. mTS hTS CeTS TsTS
Jatrowediol >100(100)
10) >1000(80) 2100043) >1000(77) >1000(95)
oo L
6-Chromane-O-7- >100091)  >10(100)  >10(100) ~1000(85)
flavanone (11) <1000(10)  <100(37)  <100(24)
(0]
. HO o] O
Ala‘;;‘“ O | (1000)NI P :&%%(é%)) >1000(80)  (L00O)NIP
H5CO OH
OH O
OH
OH
L ide A ™
eucosc(el};;OSI € OQ o >1000(77)  >1000(66) >1000(83)  (1000)NI P
HO Y O Z
v, 0.0 oH
HO’@OH OCHs
OH
(+)-7-Hydro-xy-8-C-prenyl
flavanone >100(71)  >100(74)  >100(65) >100(90)
(Ovaliflavanone B) <10002)  <1000(7)  <1000(3) <1000(25)
(19)
(0]
| o oH >10(98)
Alvaxanthone P >10(79) <10(39) >10(85) <10(3r(47)
(15) O O <100(40) <100(18) >101(97)
HO o OH <100 *(14)
OH
| o on >100(92)
1,3-OH-2-OMe-Xanthone P >100(67)  >100(54) ~1000(65) <100(1(23)
(16) O O <1000(32)  <1000(27) >100 *(82)
HO o OH <1000 *(32)
OH
O OH
=
Rheediaxanthone B O O >10tG6)  >101(59  >101(59) >10 *(68)
(17) HO o) o <100t@2) <100t(5) <100 *(14) <100 *(40)
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Table 1. Cont.

Compound IC50 [uM] Assessment (% Remaining Activity) ?
(No.) Structure
: mTS hTS CeTS TsTS
Rheediaxanthone C >10 ¥(77) + + +
as) J100t39) 100 (57) >100*(71) >100 *(73)
OH O
-OH-7-OMe- OCH t t t
1-OH-7-OMe-Xanthone 3 >1000 >1000 >1000 1000 * (89)
(19) (94) (100) (81)
O

2-OMe-Xanthone OCH3 >1000 * >1000 * >1000 * +
(20) (84) (55) o5 0O
O

a-Mangostin N oH 0 >10t@75)  >10189)  >101(79)
(21) O O OCH, <100*(5) <1007(19) <100 *(27)
HO (®)

OH

>100 *(85)

2 Inhibition by each compound was tested at three concentrations in the enzyme-catalyzed reaction run with 20 uM
deoxyuridine monophosphate (dUMP) and either 250 1M or 50" M methylenetetrahydrofolate (meTHF) in the reaction
mixture. The remaining activity (%) at an indicated concentration is shown in parentheses following that concentration.
® No inhibition. The highest obtained concentration of a compound (reported in parentheses) showed no inhibition of the
activity of a specific TS variant. T The reaction run at 20 uM dUMP and 50 pM meTHF in the reaction mixture.

2.2. Predicted Properties of Compounds From the In-House Library

The majority of compounds are likely to exhibit favorable ADME/tox properties. Apart from
agnuside and leucospectoside A, all remaining compounds follow the Lipinski Rule of 5 [28] with either
one or no violations. Similarly, agnuside and leucospectoside A are consistently among compounds
with the most violations of other sets of medchem rules, e.g., Veber rules [29], “Traffic Lights” [30],
“BOILED-Egg” [31], Egan rules [32], and Muegge rules [33]. Of note, some of the compounds are marked
as likely promiscuous binders or aggregators due to matching Pan-assay interference compounds
(PAINS) PAINS filters [34] or identity/high similarity to compounds present in the Aggregator Advisor
database [35]. Curcumin is the only compound both explicitly listed as a known aggregator and
matching PAINS filters, in accord with multiple reports of false positive results caused by curcumin in
biological assays [36]. Some of the remaining xanthone derivatives, e.g., alvaxanthone, rheediaxanthone
B, and rheediaxanthone C, match PAINS filters and are at least 70% similar to compounds known to act
via aggregation. Therefore, more thorough future assays, especially ones focusing on enzyme activity
in vitro, should involve measures testing for aggregation and promiscuous binding, e.g., dynamic light
scattering (DLS) DLS measurements or activity assays with unrelated enzymes [37].

2.3. TS Inhibition

The molecular docking campaign resulted in 20 compounds (Table 1, compounds 1-20) suggested
as potentially selective inhibitors of nematode TS. Their activity against four enzyme preparations,
corresponding to two mammalian (human and mouse, hTS and mTS, respectively) and two nematode
species (T. spiralis and C. elegans, TsTS and CeTs, respectively) was assessed by testing inhibition by
each compound at three concentrations, i.e., 10, 100, and 1000 pM (unless low solubility did not allow
to reach the highest concentration), of the enzyme-catalyzed reaction run with 20 uM dUMP and
either 250 uM or 50 uM meTHF in the reaction mixture. The results pointed to alvaxanthone (Table 1,
compound 15) as the strongest inhibitor, showing the ICsy values with different enzyme preparation
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studied ranging from below 10 uM to around 100 uM, with further strong inhibitors in this group being
rheediaxanthone B and rheediaxanthone C (Table 1, compounds 17 and 18, respectively) but only for
mTS. Other compounds inhibited TS by at least one order of magnitude weaker. Further comparison
of inhibition by alvaxanthone of T5TS and hTS, with 20 uM dUMP and 50 uM meTHF in the reaction
mixture, showed the ICsy values of 41.9 + 8.1 pM (3) and 6.3 + 1.6 uM (3), respectively. Furthermore,
initial results showed time-dependent inhibition, suggesting its slow-binding character [38]. Inhibition
by rheediaxanthone B of T5TS, CeTS, hTS, and mTS, tested under the above conditions, showed the
ICsp values of 50.8 M, 11.4 uM, 17.9 uM, and 14.3 pM, respectively (the experiments have not been
repeated). Compared to alvaxanthone, also x-mangostin, another xanthone derivative, characterized
by a high structural similarity to alvaxanthone and demonstrated previously to inhibit C. elegans
population growth [39], was not a rather strong inhibitor of TS (Table 1, compound 21).

2.4. Toxicity to C. elegans

Alvaxanthone was found to be also a relatively strong inhibitor of C. elegans, which is considered
as a model of parasitic nematodes [14], causing reduction of growth of the nematode population
with LCsg of 4.60 + 0.57 uM (4). The latter value was similar to those previously found [39] for the
above mentioned a-mangostin (3.8 tM) and the well-known antiparasitic drug mebendazole (4.0 uM),
pointing to a potential antiparasitic activity of alvaxanthone.

Considering the inhibitory activities of alvaxanthone (Table 1, compound 15) against both TS and
the nematode population growth, several structurally similar compounds were selected, including
1,3-OH-2-OMe-xanthone, rheediaxanthone B and C, 1-OH-7-OMe-xanthone, and 2-OMe-xanthone
(Table 1, compounds 16-20), to be tested against C. elegans. Only rheediaxanthone B and
2-OMe-xanthone were active, showing LCsp values of 16.0 + 10.2 uM (2) and 33.8 + 2.1 uM (2),
respectively, with the remaining derivatives demonstrating weaker effects by at least one order
of magnitude.

2.5. Cytotoxicity

The same group of xanthones, including alvaxanthone, 1,3-OH-2-OMe-xanthone, rheediaxanthone
B and C, 1-OH-7-OMe-xanthone, and 2-OMe-xanthone, underwent cytotoxicity tests. The compounds
varied significantly in both toxicity and selectivity (Table 2). While the strongest toxicity was exerted
by rheediaxanthone B and C and alvaxanthone, only alvaxanthone and rheediaxanthone B caused
stronger inhibition of cancer (glioma cells U-118 MG) than normal (human fibroblasts-B]J) cells (Table 2).
Therefore, these two compounds were selected for further studies.

Table 2. Cytotoxicity of alvaxanthone and several other xanthones determined by the neutral red assay.

Compound (No.) ICs59 (UM) 2
BJ U-118 MG SCC-15

Alvaxanthone (15) 15.76 13.07 17.66
1,3-OH-2-OMe-xanthone (16) >40 >40 >40

Rheediaxanthone B (17) 5.5 4.75 9.2
Rheediaxanthone C (18) 5.95 18.27 11.04
1-OH-7-OMe-Xanthone (19) >40 40 >40
2-OMe-Xanthone (20) >40 >40 >40

2 Calculated by plotting the median cell viability (% of control) values against compound concentrations
(1M), followed by abscissa transformation to the logarithmic form. The logarithmic regression led to the y
= aln(x) + b equation, allowing to calculate the ICs; value.

Biological effect of alvaxanthone and rheediaxanthone B on normal (BJ) and cancer cells (U-118
MG and SCC-15) was estimated using two viability assays, the neutral red uptake (NR) and tetrazolium
salts reduction (XTT) assays. The results of three independent triplicate assays are presented in Figure 1.
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Figure 1. Viability of BJ, U-118 MG and SCC-15 cells after 48 h treatment with alvaxanthone or
rheediaxanthone B, estimated by NR (A) and XTT (C) assays. Each bar represents the median of
a population of 9 results, obtained in consequence of three independent experiments, each done in
triplicate. The whiskers are the lower (25%) and upper (75%) quartile ranges. The results significantly
different from control (in a view of the Kruskal-Wallis test) are marked * (p < 0.05). (B) Cell morphology
and neutral red accumulation following 48 h alvaxanthone or rheediaxanthone B treatment and 1 h
incubation with neutral red. Red vesicles are lysosomes containing the dye.

Both assays revealed concentration- and cell type-dependent toxicity of each of the two compounds.
Tested by the more sensitive NR assay, rheediaxanthone B was slightly more toxic (IC59 < 10 uM,
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compared to alvaxanthone (15 uM < ICsg < 18 uM), none of them showing a significant selectivity
against cancer cells. At the highest concentration of 40 uM, cancer cells were distinctly more susceptible
than normal cells to alvaxanthone (viability decreased to 10% with U-118 MG, and 1.5% with SCC-15
cells, vs. 35% with fibroblasts). On the other hand, activity of mitochondrial dehydrogenases and
oxidoreductases, tested by the XTT assay, provided information about the condition of mitochondrial
metabolism and indicated selectivity of alvaxanthone against both SCC-15 and U-118 MG cells
(compared to BJ fibroblasts 5.3-fold and 2.7-fold more sensitive, respectively; Figure 1). Thus,
alvaxanthone may be damaging mitochondria and impairing their metabolism exerting one of possible
mechanisms active in destroying cancer cells [40]. Changes of cell morphology in dependence on
increasing alvaxanthone and rheediaxanthone B concentration were also recorded. While the glioma
and squamous carcinoma cells formed clusters, lost their adhesion, shrank, and accumulated less NR
dye, normal fibroblasts preserved rather normal shapes but the amount of the neutral red dye and
confluence of cells decreased. In addition, a lower number of BJ cells was detected (Figure 1B).

A possible cytotoxic mechanism of alvaxanthone can be hypothesized, relying in glioma and
fibroblasts on cellular and lysosomal membrane disruption rather than mitochondrial function
impairment, as indicated by lower viability of both U-118 MG and BJ cells observed in the NR than
XTT assay at the highest alvaxanthone concentration. A different toxic pattern was observed in
squamous carcinoma cells, manifested by similar cell viability levels at the whole range of alvaxanthone
concentrations and equal ICs; values observed with both assays (IC5y = 17 uM), indicating both cell
membrane damage and mitochondrial dysfunction. These results suggest also that alvaxanthone
impact on mitochondrial metabolism was in SCC-15 cells stronger compared to the other cell lines.
In accord, Hou et al. [41] showed the ICsy values estimated for human oral squamous carcinoma cells
(HSC-2 cell line) and normal human gingival fibroblasts (HGF) after 24 h incubation to be almost equal
(22 uM and 25 pM, respectively).

2.6. Proliferation

The influence of alvaxanthone and rheediaxanthone B on cell proliferation (Figure 2) was assessed
by quantitative measurement of the total cellular DNA content, proportional to the cell number [42].
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Figure 2. Proliferation of cancer (U-118 MG and SCC-15) and normal (BJ) cells after 72 h incubation

with 5-40 pM alvaxanthone or 1.25-40 uM rheediaxanthone B, determined with the CyQUANT GR Cell

Proliferation Assay Kit. Median results are presented of three independent experiments, each performed

in triplicate. The whiskers are lower (25%) and upper (75%) quartile ranges. The results significantly

different from control (in view of the Kruskal-Wallis test) are indicated * (p < 0.05). Images collected
with Olympus IX-83 microscope with contrast phase (scale bar = 100 pum).
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Alvaxanthone was a somewhat stronger inhibitor of the cancer (glioma and squamous carcinoma)
than normal (BJ fibroblasts) cell proliferation, the effect noticeable only at concentrations above 10 uM,
with the inhibition at 40 M alvaxanthone being by 5.8- and 2.3-fold weaker with normal (BJ) than
cancer (SCC-15 and U-118 MG, respectively) cells (Figure 2). Rheediaxanthone B, being apparently
a stronger proliferation inhibitor than alvaxanthone, shows also similar selectivity but at a lower
concentration range (up to some 2 uM; Figure 2).

2.7. Adhesion

Cancer metastasis, resulting from an impairment of adhesion between cancer cells and the
extracellular matrix may cause cell migration from a primary tumor into distant parts of an organism [43].
The cristal violet assay was used to examine alvaxanthone and rheediaxanthone B ability to influence
cellular adhesion. The results indicate alvaxanthone significantly reduces adhesion of normal fibroblasts
and squamous carcinoma cells, compared with glioma cells, at lower (20 uM vs. 40 M) concentration
(Figure 3).
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Figure 3. Influence of alvaxanthone or rheediaxanthone B on BJ, U-118 MG, and SCC-15 cells adhesion
after 48-h treatment. The crystal violet assay was used. Results are medians of triplicate assays of three
independent experiments expressed as a % of non-treated controls. The whiskers are lower (25%) and
upper (75%) quartile ranges. * p < 0.05, Kruskal-Wallis test (against non-treated control).

The effect of rheediaxanthone B was apparent at lower concentrations (at 5 uM with BJ and
SCC-15, and 10 pM with U-118 MG cells; Figure 3). The results are consistent with those of the NR
cytotoxicity assay (Figure 1), showing similar profile of the toxic effect with respect to the cell lines and
drug concentrations affecting their growth, pointing to the decrease of cell adhesion to be caused by
each of the two prenylated xanthones as a result of the compound’s toxic action, without increasing
the probability of metastasis during therapy. Additional information provides Figure 4, presenting
changes of the intracellular ATP level in treated cells. With both compounds at concentrations causing
decreased cell adhesion, considerably depleted ATP levels were apparent that probably reduced cells
capacity to move and migrate. Thus, considering potential chemotherapeutic application, the tested
compounds should not be expected to increase migration of cancer cells to other parts of an organ or
organism or lead to metastasis processes.
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Figure 4. Changes of caspase-3/7 activities and intracellular ATP level in BJ, U-118 MG, and SCC-15 cells
after 48-h incubation with 5-40 uM alvaxanthone or rheediaxanthone B. Median results are presented of
three independent experiments, each performed in triplicate. The whiskers are lower (25%) and upper
(75%) quartile ranges. The results significantly different from control (in view of the Kruskal-Wallis
test) are indicated as * (p < 0.05).

2.8. Caspase-3/7 and ATP Level

The Apo-ONE® Homogenous Caspase-3/7 Assay provides a measurement of the executioner
caspases 3/7 activation, characteristic for apoptosis induced via both the intrinsic and extrinsic
pathway [44]. It was used to determine apoptosis induction in cells by alvaxanthone and
rheediaxanthone B. In each of the three cell lines, compared to the respective non-treated control,
treatment with each of the two compounds for 48 h led to a significant activation of the caspases 3/7
(by 2- to 10-fold for alvaxanthone and 8- to 18-fold for rheediaxanthone B), the effect being stronger in
cancer than normal cells (Figure 4).

As induction of apoptosis has been previously suggested to cause a caspase-dependent fall of
ATP levels [45,46], the CellTiterGlo® Luminescent Cell Assay was performed to determine changes in
ATP level. After incubation with alvaxanthone, the level of ATP in glioma cells remained unaltered;
in normal fibroblasts, it showed only a slight decrease, and, in SCC-15, it was dramatically reduced.
On the other hand, rheediaxanthone B caused a reduction of ATP level down to around 30% in glioma
cells and fibroblasts, and to 20% in squamous carcinoma cells (Figure 4). In general, with increasing
Caspase-3/7 activity the ATP level was decreasing, in accord with the results of Reference [46]. However,
contrary to the latter, Oropesa et al., demonstrated that, during apoptosis in alvaxanthone-treated
glioblastoma cells, the level of ATP was unchanged or even increased during early phases of apoptosis,
despite caspase 3 and 7 undergoing activation [47].

2.9. Predicted Binding Mode of Alvaxanthone and Rheediaxanthone B

The possible binding mode of the most interesting TS inhibitors identified by virtual screening
and in vitro tests, i.e., alvaxanthone and rheediaxanthone B, was investigated by molecular docking
against human and C. elegans TS. Compared to the virtual screening settings, here, we stored a larger
number of binding poses of each compound to enrich our analysis with statistical significance. Overall,
both compounds proved to bind within the TS catalytic site, in close proximity and in stacking
conformation to the co-crystallized dUMP cofactor. Notably, both compounds adopted a very similar
binding mode against the catalytic site of TS from both human and C. elegans, which is not surprising
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according to the high degree of sequence and structural identity between TS from the two species [48].
Besides stacking to dUMDP, the major anchor point is the side chain of Asp220 (in C. elegans Ts) or Asp
218 (in human TS), which is H-bonded to a hydroxyl group connected to the xanthone ring (Figure 5).
Similar to docking poses, also docking scores highlighted that both alvaxanthone and rheediaxanthone
B bind with comparable affinity to each protein (chemgauss4 score for alvaxanthone: —8.60 (C. elegans)
and —8.91 (human); rheediaxanthone: —8.10 (C. elegans) and —8.50 (human)). These theoretical results
are in agreement with experimental data above and may facilitate the design of TS inhibitors with
improved features.

Figure 5. Predicted binding mode of alvaxanthone and rheediaxanthone against TS. (A,B) docking
pose of alvaxanthone (A) and rheediaxanthone (B) against the catalytic site of TS from C. elegans, PDB
ID 4IQQ (green lines). (C,D) docking pose of alvaxanthone (C) and rheediaxanthone (D) against the
catalytic site of TS from homo sapiens PDB ID 5X5D (yellow lines). TS inhibitors are shown as cyan
lines. dUMP is shown as sticks and colored as the protein. H-bonds are showed as black dashed lines.
Only residues within 5 A from the docked ligands are shown.

3. Discussion

The present results highlight two natural compounds selected by virtual screening of an in-house
library of natural products and their derivatives as inhibitors of the reaction catalyzed by TS of different
species. The most potent enzyme inhibitors are between xanthone derivatives, with alvaxanthone
inhibiting stronger than rheediaxanthone B and the latter stronger than rheediaxanthone C. Similarly,
another commercially available compound, a-mangostin (Table 1, compound 21), which is a close
analogue of alvaxanthone [39], is as potent inhibitor as the latter (Table 1). Comparison of the xanthone
group (Table 1, compounds 15-21) with regard to the inhibitory potential allows a rough identification
of the structural requirements, including hydroxyls at the positions 1, 3, and 6, and hydrophobic
substituents at the positions 2 and 8.

The xanthone derivatives capable of inhibition of TS-catalyzed reaction, including alvaxanthone,
a-mangostin, and rheediaxanthone B, are toxic for C. elegans and mammalian cells. However,
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rheediaxanthone C that inhibits the enzyme does not show toxicity for the worm. Besides,
2-OMe-xanthone, lacking an apparent TS inhibitor activity, is toxic only for C. elegans (Tables 1
and 2 [39]). Thus, it remains to be established whether TS is the target in both the organismal (C. elegans)
and cell-based model systems.

Of particular interest is nematocidal activity of alvaxanthone, which proved to be toxic for
C. elegans to a similar extent as the well-known reference anthelmintic drug mebendazole [49,50] and
a-mangostin [39]. While the lack of selective toxicity against the nematode worms versus human cells
does not point to alvaxanthone as a potential chemotherapeutic drug to combat human nematode
parasites, it does not preclude its potential application against plant nematode parasites. Besides,
it may be treated as a leading compound to be modified in search of a selective chemotherapeutic drug.
Furthermore, as the compound is also a TS inhibitor, it may be used as a tool in further studies of the
physiological significance of the high expression of TS in nematodes’ cells (see Introduction).

Alvaxanthone has been previously demonstrated to show antimicrobial [51,52], antifungal [53],
and cytotoxic [41,53] activities. To the best of our knowledge, there are no records on the biological
activity of rheediaxanthone B and rheediaxanthone C. The present results show alvaxanthone,
rheediaxanthone B and rheediaxanthone C to be cytotoxic. Compared to alvaxanthone, the cytotoxic
and antiproliferative effects of rheediaxanthone B were slightly stronger and associated with lowered
adhesion and elevated activities of the executioner caspases (Figures 1-4). While in glioblastoma
and fibroblast cells alvaxanthone toxicity was based mostly on disturbing lysosomal membranes or
alterations in cellular membrane, in the SCC-15 cells, it was associated with both cell membrane and
mitochondrial metabolism changes. Of particular interest is an antiproliferative effect of alvaxanthone
in tumor cells, associated by a selective toxicity against mitochondria observed in cancer cells and cell
death via the more desirable apoptosis pathway. Of note is also that in view of lowered adhesion being
caused by each of two compounds toxicity (Figures 1 and 3), neither alvaxanthone nor rheediaxanthone
B appear to increase the probability of metastasis. Overall, these natural products share common
pharmacophoric features and stand as a promising starting point for the design of further generation
of TS inhibitors inspired by natural sources.

4. Materials and Methods

4.1. Materials

The compounds selected to be tested were obtained from the in-house library of natural compounds
organized and maintained by the group of Professor Bruno Botta of Sapienza University of Rome.
In total, 865 compounds that composed the in-house library of natural products at the time of the study
were screened in silico by molecular docking simulations. We used the above-mentioned library as
a source of natural compounds endowed with high structural and chemical diversity, with the aim
to identify novel chemotypes of TS inhibitors. a-Mangostin (21) was purchased from Sigma-Aldrich
(St. Louis, MO, USA). Standard samples of compounds 1, 2, 3, 4, 6, and 9 were purchased from
Sigma-Aldrich (St. Louis, MO, USA) and compared with the corresponding samples from the library.
The compounds tested with cell cultures were prepared from stock solutions in corresponding cell
culture media by adjusting the DMSO concentration to < 0.05% (showing no significant effect on
treated cells).

4.2. Computational Methods

The in-house library of natural products available at the Department of Chemistry and Technology
of Drugs of Sapienza University of Rome (Prof. Bruno Botta) was computationally screened against
the crystallographic structure of C. elegans TS in complex with dUMP and a small molecule inhibitor
(PDB ID: 41QQ) through molecular docking simulations. Docking was carried out with the FRED
program from OpenEye [54,55], using the default settings and the highest docking resolution.
Ligand conformational analysis was carried out with OMEGA from OpenEye [56,57], storing up to
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600 conformers for each ligand. In docking against the human form of TS, the PDB ID: 5X5D (TS
in complex with dUMP) was used [58]. Receptor structures were prepared with the make_receptor
utility of FRED. In virtual screening, only the top-scoring pose of each ligand was stored and
analyzed, while, in docking alvaxanthone and rheediaxanthone B, up to 20 docking poses were stored.
Druglikeness and ADME/tox properties of the compounds were assessed using freely available online
tools: FAF-Drugs4 [59], SwissADME [60], and Aggregator Advisor [35].

4.3. Chemistry

Standard samples of compounds 1, 2, 3, 4, 6, 8, and 9 were purchased from Sigma-Aldrich (St. Louis,
MO, USA) and compared with the corresponding samples from the library. Samples of compounds 1,
2,3,4,6,8,and 9 from the library resulted to be spectroscopically and chromatographically identical to
the commercial samples.

Compound 5 showed NMR spectra identical to those reported in the literature [61-63]. Compound
7 showed NMR spectra in accordance with those reported in the literature [64].

NMR spectra identical to those reported in the literature were observed also for compounds
10 [65], 11 [66], 12 [67], 13 [68], 14 [69,70], 15 [71], 16 [72,73], 17 [74], 18 [74], 19 [75], and 20 [75].

4.4. TS preparation

The recombinant human, rat, mouse, T. spiralis and C. elegans TS proteins were produced, purified
and separated into phosphorylated and non-phosphorylated fraction, as previously described [20].
TS activity was monitored, following tritium release from [5->H]dUMP, and its inhibition studied as
earlier reported [76]. At concentrations <10% DMSO (used to dissolve compounds to be tested) did
not affect the reaction rate.

4.5. Determination of Toxicity to C. elegans, a Nematode Parasite Model

C. elegans was maintained as previously described [17]. The effect of the compounds studied on
C. elegans population growth was determined as earlier presented [39].

4.6. Cell Culture Studies

Human glioblastoma cells U-118 MG (ATCC® HTB-15), human squamous carcinoma cells
SCC-15 (ATCC® CRL-1623), and normal human skin fibroblasts (ATCC® CRL-2522) were grown,
their morphology checked, and number and viability estimated as earlier presented [39].

Influence of selected compounds on cells was tested by performing the cytotoxicity (NR and XTT)
assays, proliferation assay, cell adhesion assay, cell migration assay, determination of intracellular ATP
level, and apoptosis assay as previously reported [39].

4.7. Statistical Analysis

This was performed using the nonparametric Kruskal-Wallis test to estimate the differences
between the compounds-treated cells and non-treated control in each cell lines. p < 0.05 was considered
as statistically significant. Calculations were performed using Statistica 12 (StatSoft, Tulsa, OK, USA).
The results describing TS inhibition and reduction of C. elegans population are presented as means +
S.E.M., or means + % difference between the mean and each of two results, followed by the number of
experiments (N) in parentheses.
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Abstract: The natural xanthone a-mangostin («M) exhibits a wide range of pharmacological ac-
tivities, including antineoplastic and anti-nematode properties, but low water solubility and poor
selectivity of the drug prevent its potential clinical use. Therefore, the targeted third-generation
poly(amidoamine) dendrimer (PAMAM G3) delivery system was proposed, based on hyperbranched
polymer showing good solubility, high biocompatibility and low immunogenicity. A multifunctional
nanocarrier was prepared by attaching aM to the surface amine groups of dendrimer via amide bond
in the ratio 5 (G32B128h5M) o1 17 (G32B10gh17M) regidues per one dendrimer molecule. Twelve or ten
remaining amine groups were modified by conjugation with D-glucoheptono-1,4-lactone (gh) to block
the amine groups, and two biotin (B) residues as targeting moieties. The biological activity of the
obtained conjugates was studied in vitro on glioma U-118 MG and squamous cell carcinoma SCC-15
cancer cells compared to normal fibroblasts (BJ), and in vivo on a model organism Caenorhabditis

elegans. Dendrimer vehicle G32B128h

at concentrations up to 20 uM showed no anti-proliferative
effect against tested cell lines, with a feeble cytotoxicity of the highest concentration seen only with
SCC-15 cells. The attachment of «M to the vehicle significantly increased cytotoxic effect of the
drug, even by 4- and 25-fold for G3?B128h°M and G32B108h17M respectively. A stronger inhibition
of cells viability and influence on other metabolic parameters (proliferation, adhesion, ATP level
and Caspase-3/7 activity) was observed for G3?B108M"M than for G32B128h5M | Both bioconjugates
were internalized efficiently into the cells. Similarly, the attachment of «M to the dendrimer vehicle
increased its toxicity for C. elegans. Thus, the proposed «-mangostin delivery system allowed the
drug to be more effective in the dendrimer-bound as compared to free state against both cultured the
cancer cells and model organism, suggesting that this treatment is promising for anticancer as well
as anti-nematode chemotherapy.

Keywords: «-mangostin; poly(amidoamine) dendrimer; targeted drug delivery; biotin targeting;
glioblastoma multiforme; squamous cell carcinoma; antiparasitic therapy

1. Introduction

The isoprenylated xanthone o-mangostin («M) was firstly isolated from the pericarp
of mangosteen tree (Garcinia mangostana L., Clusiaceae) that has long been used in traditional
medicine in Southeast Asia to treat inflammation, ulcer, skin infection, and wounds [1].
Nowadays, numerous in vitro and in vivo studies have proved that mangostins possess
diverse pharmacological activities, such as antioxidant, anti-inflammatory, antibacterial,
antifungal, antimalarial, anticancer and anthelmintic [2-5].

Considering the potential pharmacological application of M, it is significantly limited
by its low water solubility (2.03 x 10~% mg/L at 25 °C) [6], a major obstacle in achieving
maximum drug bioavailability and accumulation in the target organs. The latter, together
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with insufficient target selectivity in the human body, resulted in the fact that «M has not
been approved for clinical use.

One strategy increasing the concentration of biologically active substances in target
locations and cells is to take advantage of a drug delivery agent [7], e.g., to bind a drug
with nanoparticles, in order to improve its physicochemical properties and transport.
Among the oM delivery systems tested so far, nanolipids, nanopolymers, nanomicelles,
nanoliposomes, nanoemulsion, nanofibers and metal nanoparticles have been studied [8],
e.g., «M-loaded fibroin nanoparticles (FNPs) crosslinked with EDC or PEI, compared to
the free oM, confirmed the crosslinked FNPs to increase the drug’s solubility by about
3-fold [9], as well as to offer sustained drug release and reduced hematotoxicity. Anticancer
studies of these nanoparticles with Caco-2 colorectal and MCEF-7 breast adenocarcinoma
cell lines showed oM to cause apoptosis with cytotoxicity exceeding that of free drug.
Additionally, cyclodextrin-based hyperbranched polymer nanoparticles (CDNPs) were
used [10] to solubilize M encapsulated in the CD cavity. They assumed that release of
aM in the slow mode is essential for its retention until the cancerous region is reached.
Samprasit et al. [11] used aM-loaded mucoadhesive nanoparticles as colon-targeted drug
delivery. They proved that chitosan and thiolated chitosan nanoparticles crosslinked by
genipin (GP) and modified by Eudragit® L100 increased oM loading limited the release of
the drug in the upper gastrointestinal tract, and enhanced its delivery to the colon.

The vast majority of the proposed carriers encapsulate «M; moreover, there are many
potential carriers that allow binding it via covalent bonds and significantly increase the
stability of such a system. An interesting example presents poly(amidoamine) dendrimers
(PAMAM) that are spheroidal or ellipsoidal three-dimensional polymers with the pe-
ripheral functional groups and internal cavities. PAMAM dendrimers may be favorably
used in drug delivery due to their hydrophilic, biocompatible, and non-immunogenic na-
ture [12], having been applied as targeting drug or gene delivery systems and as diagnostic
agents. Drugs or biologically active molecules can be encapsulated in the interior space of
dendrimers, attracted by electrostatic interactions or linked via surface groups [13], but
covalently attached drugs, e.g., methotrexate, are more stable compared to non-covalent
drugs [14]. Additionally, polyvalency of PAMAMs has a potential role in intracellular
targeted drug delivery by surface modification [13]. Especially in anticancer therapy, drug
targeting is important in order to maximize the therapeutic potential in tumor area with
minimizing side effects in normal tissues [15]. The PAMAM dendrimers present the plat-
form for surface modification with numerous ligand moieties that can improve active target-
ing to the cancer cells and increase tumor specificity with minimum systemic toxicity [12].
Examples of such ligands include monoclonal antibodies, polypeptides, antibody—drug
conjugates, nucleic acids and signal transduction inhibitors [16]. Additionally, vitamins,
such as folic acid and biotin, are promising molecules targeting nanoparticles and potential
drugs conjugates into cancer cells overexpressing folate and biotin receptors, respectively,
e.g., breast, ovarian, lung, and colon cancer cells [17-19]. Notably, biotinylated dendrimers
have been demonstrated to be absorbed into cells stronger than non-biotinylated [20,21].

The aim of this study was to design, synthesize, characterize, and investigate the
biological, anti-cancer activity of biotin-targeted, polysaccharide modified PAMAM G3
dendrimers substituted covalently by «M (G3?B1280M and G32B108h17M differing by the
substitution level) against human grade IV glioma U-118 MG cells, human squamous
cell carcinoma (SCC-15), compared to normal human fibroblasts (BJ]), with the three cell
lines found previously to accumulate biotin [22]. The effects of the above-mentioned
conjugates or their vehicle (G3?81281) on viability, proliferation, adhesion, apoptosis, as
well as the intracellular ATP level were determined. Cellular accumulation and localization
of fluorescently labeled analogues were also evaluated. Additionally, the in vivo toxicity
of dendrimer conjugates and «M was tested with model nematode Caenorhabditis elegans,
which has been used extensively in toxicological studies of many nanoparticles and as a
model organism providing insights into cancer cells metabolism, also allowing to assess
the anti-parasitic activity.
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2. Materials and Methods
2.1. Reagents

x-Mangostin (M, purity > 98% (HPLC)) was purchased from Aktin Chemicals, Inc.
(Chengdu, China). Ethylenediamine, methyl acrylate, D-glucoheptono-1,4-lactone (GHL),
biotin N-hydroxysuccinimide ester (NHS-Biotin), 4-nitrophenyl chloroformate (NPCF),
2-Chloro-1-methylpyridinium iodide (Mukaiyama reagent), 4-dimethylaminopyridine
(DMAP), 6-[fluorescein-5(6)-carboxamido]hexanoic acid (FCH), dimethyl sulfoxide (dmso)
and other reagents used in syntheses were obtained from Merck KGaA (Darmstadt, Ger-
many). Spectra/ Por® 3 RC dialysis membrane (cellulose, MW ;0—3.5 kD) was provided
by Carl Roth GmbH & Co. KG (Karlsruhe, Germany).

Human glioblastoma (U-118 MG, ATCC® HTB-15), human squamous cell carcinoma
(SCC-15, ATCC® CRL-1623), and human normal fibroblast (B], ATCC® CRL-2522) cell lines
were purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA).
Dulbecco’s Modified Eagle’s Media (DMEM and DMEM/ F-12), Eagle’s Minimum Essen-
tial Medium (EMEM), and fetal bovine serum (FBS) were obtained from Corning Inc. (New
York, NY, USA). Penicillin and streptomycin solution, phosphate-buffered saline (PBS) with
and without magnesium and calcium ions, and DAPI (4’ ,6-diamidino-2-phenylindole, dihy-
drochloride), Hoechst 33342, and MitoTracker™ Deep Red FM were provided by Thermo
Fisher Scientific Inc. (Waltham, MA, USA). Trypsin-EDTA solution, hydrocortisone, 0.33%
neutral red solution (3-amino-m-dimethylamino-2-methyl-phenazine hydrochloride), XTT
sodium salt (2,3-bis[2-methoxy-4-nitro-5-sulfophenyl]-2H-tetrazolium-5-carboxanilide in-
ner salt), phenazinemethosulfate (PMS), crystal violet, 0.4% trypan blue solution, dimethyl-
sulfoxide (dmso) for molecular biology, 5-Fluoro-2’-deoxy-uridine (FUdR), and other chem-
icals and buffers were purchased from Merck KGaA (Darmstadt, Germany). CellTiter-Glo®
Luminescent Cell Viability Assay and Apo-ONE® Homogenous Caspase-3/7 Assay were
obtained from Promega Corporation (Madison, WI, USA). Cell cultures dishes and materi-
als were from Corning Incorporated (Corning, NY, USA), Greiner (Kremsmdiinster, Austria),
or Nunc (Roskilde, Denmark). All reagents used for C. elegans culture and synchronization
were supplied by Sigma-Aldrich (Saint Louis, MO, USA) or Carl Roth GmbH & Co., KG
(Karlsruhe, Germany).

2.2. Chemical Syntheses and Purification Methods
2.2.1. PAMAM G3 Conjugation with Biotin

PAMAM G3 dendrimer was synthesized starting from an ethylenediamine core by
repeatable two-step procedure according to Tomalia’s protocol [23] and stored as 20.1 mM
solution in methanol for further use. Then PAMAM G3, after prior methanol evaporation,
was substituted with two equivalents of biotin by stepwise addition of 99 mg (290 umoles)
of solid NHS-Biotin to 695 mg of G3 (145 umoles) dissolved in 4 mL of dmso with vigorous
stirring. The solution was left at 50 °C for 4 h, then transferred into dialytic tube (cellulose,
MW ytoff = 3.5 kD) and dialyzed for 3 days against water (7 x 3 L). Afterwards, the solvent
was removed by vacuum rotary evaporation and dried under high vacuum overnight.
The product was identified by 'H NMR spectroscopy as G3 substituted with average two
residues of amide-bonded biotin G328, as described before [24,25]. The isolated yield of the
product was 47% (501 mg; 68 umoles; MW .. = 7362 g mol~1).

2.2.2. Activation of a-Mangostin with NPCF and Attachment to G328

a«-Mangostin («M) was activated with 4-nitrophenyl chloroformate (NPCF; 10% molar
excess), which further provided one carbon linker between hydroxyl group of «M and
amino group of PAMAM G3. Thus, 223.3 mg (544 pmoles) of «M was dissolved in 25 mL
of chloroform, then 120.6 mg (598 umoles) of NPCF was added in portions as solid with
vigorous stirring. To this solution, 146.6 mg (1200 pmoles) of 4-dimethylaminopyridine
(DMAP) was added and the mixture was heated under reflux for 4 h. Then, chloroform
was removed by vacuum rotary evaporation and remained solid dried under high vacuum.
The solid product, a-mangostin 4-nitrophenylcarbonate («M-NPC) was dissolved in 10 mL



Int. J. Mol. Sci. 2021, 22, 12925

4 of 27

dmso to obtain 54.4 mM stock solution. This solution (6 mL, 326.4 umoles of «M-NPC,
143 mg of aM) was added dropwise into 162 mg of G3?P (22 umoles) in 1.6 mL dmso to
obtain highly substituted conjugate [A]. In another synthesis process, stock solution of «M-
NPC (2 mL, 109 pmoles) was added to 22 umoles of G3%B in 1.6 mL dmso [B]. In both cases,
the mixtures were heated at 50 °C for 3 h, then dialyzed and isolated solids were dried in
vacuo. Yields: 273.2 mg, 91.4% for [A], identified by TH NMR spectroscopy as G328’ and
188.7 mg, 90% for [B], identified by 'H NMR spectroscopy as G3?%°M. Long-lasting dialysis
of synthesized conjugates, especially G3?P1"M (4 days, 12 times 5 L of receiving water),
resulted in loss of low-substituted fraction of G3*®M (x < 5). During the dialytic process,
immediate precipitation of highly substituted derivatives was observed. The solids inside
dialytic tubes were irritated throughout dialysis in order to remove solid-entrapped low
molecular weight DMAP, p-nitrophenol, dmso, and other reagents. The products [A] and
[B] were further converted by reaction with GHL (vide infra).

2.2.3. G3%8 and G3?8M Supplementation with D-Glucoheptono-1,4-lactone

To the solutions of G3?B1”M and G3?B°M obtained in the previous step according to
protocol [A] and [B] (ca 20 umoles each), in 5 mL dmso, 264 umoles of solid GHL (54.9 mg)
were added in portions with vigorous stirring. The mixtures were left for 16 h at 50 °C.
Thereafter, purification was performed according to the procedure described earlier (3 days
of dialysis followed by 24 h drying under high vacuum).

The steps of synthesis of dendrimer PAMAM G3 conjugates with o-mangostin, biotin
and D-glucoheptono-1,4-lactone is presented in the Scheme 1.

The obtained conjugates were characterized by the 'H NMR (Figures 1 and 2), and
2-D 'H-'H COSY spectroscopy in dmso-dg (Figure S1), which revealed the level of PA-
MAM G328 substitution by aM and gh residues: G32B12gh (532B12ghSM 44 (G32B10ghl7M
with the isolated yield 94.5% (20.8 umoles, MW, = 9859 g mol 1), 86% (19 umoles,
MW e = 11,660 g mol~1), and 91% (20 pmoles, MW . = 16,896 g mol 1), respectively.

Analytical Data

'H NMR (dmso-dg; for atom numbering see Scheme 1): chemical shift [ppm] (intensity,
multiplicity, assignment):

«-Mangostin (Figure 1A): 13.72 ([1H], s, 1'M); 11.01 ([1H], bs, 3'M); 10.82 ([1H], bs,
6'™); 6.80 ([1H], s, 5M); 6.34 ([1H], s, 4M); 5.16 ([2H], t overlapped, 12,17M); 4.01 ([2H], d,
11M); 3.70 ([3H], s, 7’M); 3.34 (s, HDO); 3.21 ([2H], d, 16M); 1.70 ([12H], m, 14,15,19, 20M).

G32B128h5M (Figure 1B): 7.10 ([5H], s, NH(carbamate)); 6.51 ([5H], s, 5M); 6.26 ([5H],
s, 4My; 5.17 ([10H], t overlapped, 12,17M); 3.95 ([10H], m, 11M); 3.68 ([15H], s, 7'M); 1.69
([60H], overlapped s, 14,15,19,20M); PAMAM G3 CHj; broad resonances: 3.12, 2.64, 2.42,
2.19 [484H]; PAMAM G3 NH: 8.0 ppm, [73H]; Biotin resonances: 6.43 ([4H], bs, 108 and
11B); 4.31 and 4.14 ([2H] and [2H], 85 and 95); 2.04 ([4H], 2B); 1.49-1.22 ([12H], 3B 4B 5B); ¢h
resonances: 3.87 and 3.58-3.36 ([84H], s and m, CH8").

G3?B10g8hI7M (Fig 1C): 6.65 ([17H], s, 5M); 6.29 ([17H], s, 4M); 5.16 ([34H], t overlapped,
12,17M); 3.99 ([34H]; d, 11M); 3.70 ([51H], s, 7’M); 3.19 ([34H], d, 16M); 1.70 ([204H], four
overlapped singlets, 14,15,19,20M) ; PAMAM G3 CH; broad resonances: 3.14-2.20 [484H];
PAMAM G3 NH: 8.02 ppm, [60H]; biotin resonances: 6.51 and 6.44 ([4H], s and s, 108 and
11B); 4.31 and 4.13 ([4H], s and s, 8® and 98); 2.06 ([4H], 2B); 1.51-1.28 ([12H], 3B 4B 5P); g¢h
resonances: 3.87 and 3.59-3.37 ([70H], s and m, CH8").

G32B128h (Figure 2A): 6.47 ([4H], d, 10,11B); 4.36 (overlapped singlets, OH8"); 3.66
([84H], m, Cth); 1.39 ([12H], m, 3,4,58); PAMAM G3 CHj broad resonances: 3.10, 2.63,
2.41,2.19 [480H]; PAMAM G3 NH broad resonance is centered at 8.00 ppm, [78H].
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Scheme 1. The scheme of synthesis of dendrimer PAMAM G3 conjugates with amangostin, biotin and D-glucoheptono-
1,4-lactone attached via amide bond. The following conjugates were obtained: G32B12gh5M (@a=5b=2,¢c=13,d=12),
G3?B108hIM (3 =17, =2, ¢ = 3,d = 10), and G3?P128" (a = 0, b = 2, ¢ = 18, d = 12). Abbreviations: NPCF—4-nitrophenyl
chloroformate, xM-NPC—p-nitrophenyl) carbonate derivative of «M, DMAP—4-dimethylaminopyridine.
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Figure 1. The TH-NMR spectra of x-mangostin (A), G32B12gh5M (B) and G32B108h17M () conjugates in dmso-dg. The residual
solvent peak at 2.5 and impurity resonances are marked with asterisks *. The PAMAM G3 core dendrimer resonances are
labeled as CH;,(G3) and NH(G3) in spectrum B and C. The resonances of a-mangostin, biotin, and glucoheptoamide are
labeled by locants with M, B, and 8" upper indexes, respectively, according to the atom numbering in Scheme 1.
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Figure 2. (A) The "H-NMR spectrum of G3?8128h vehicle in dmso-dg. The PAMAM G3 core dendrimer resonances are
labeled as CH,(G3) and NH(G3). The resonances of biotin and D-glucoheptoamide residues are labeled with locants with N
and 8", The residual solvent peak is labeled with an asterisk *. For atom numbering, see Scheme 1. (B) The selected chain of
the PAMAM G3 dendrimer core with carbon atom numbering. Branch points at ternary nitrogen atoms are marked with

wavy lines. R = H, biotin or gh residues.

2.2.4. Fluorescent Labeling of the Conjugates

Fluorescently labeled analogues of G3?812805M and G32B108h17M yyere synthesized by at-
tachment of one equivalent of 6-[fluorescein-5(6)-carboxamido]hexanoic acid (FCH) via an
ester bond. The carboxyl groups of FCH were activated by Mukaiyama reagent (2-Chloro-
1-methylpyridinium iodide). Specifically, 9.0 mg (18 umoles) of solid FCH was dissolved
in 1 mL of dmso with vigorous stirring and protection from light. Then, 6.2 mg (27 pmoles)
of Mukaiyama reagent and 6.6 mg (54 pmoles) of DMAP were added with stirring and the
mixture was heated at 45 °C for 0.5 h. The activated FCH was divided into two parts and
added dropwise to 0.8 mL (7.1 umoles) of G32B128h5M and 2 mL (7.8 pmoles) of G32B10gh17M
in dmso in equimolar amount. Both reaction mixtures were kept on the heating block at
45 °C overnight followed by purification as before. The 'H NMR spectra in dmso-dg¢ were
taken and confirmed the attachment of one equivalent of FCH to the dendrimer conjugates.
The isolated yield for G32B128h5MF 125 59% (4.19 umoles, MW e = 12,150 g mol 1) and for
G32B10gh17MF 55 539% (4.1 pmoles, MW, = 17,386 g mol~1). These fluorescent-labeled
compounds were used for cellular internalization studies by CLSM.

2.3. NMR Spectroscopy

The 1D 'H and '3C NMR spectra and 2D 'H-'H correlations spectroscopy (COSY),
IH-13C heteronuclear single quantum correlation (HSQC), and heteronuclear multiple bond
correlation (HMBC) spectra were recorded in dmso-dg using Bruker 300 MHz instrument
(Rheinstetten, Germany) at College of Natural Sciences, University of Rzeszow.

2.4. Conjugate Size and { Potential Measurements

Size and ( potential of G3?8128h, G32B128h5M and G32B108h1’M conjugates were mea-
sured using the dynamic light scattering technique at pH 5 (0.05 M acetate buffer) and
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in water using the Zetasizer Nano instrument (Malvern, UK) for 1 mg/mL samples
(0.7-1.0 mM solutions).

2.5. Biological Studies
2.5.1. Cell Cultures

Human glioblastoma cells (U-118 MG, doubling time—37 h) were grown in DMEM,
human squamous carcinoma cells (SCC-15, doubling time—48 h) were cultured in DMEM
F-12 supplemented with hydrocortisone (400 ng/mL), and normal human skin fibroblasts
(BJ, doubling time—1.9 day) were cultured in EMEM. Culture media were supplemented
with heat-inactivated 10% FBS and 100 U/mL penicillin and 1% streptomycin solution.
All cell lines were cultured at 37 °C in a humidified atmosphere of 95% air with 5%
CO,. Growth media were changed every 2-3 days and cells were passaged at 80-85%
confluence with 0.25% trypsin-0.03% EDTA in PBS (calcium and magnesium ions free). Cell
morphology was observed with Nikon TE2000S Inverted Microscope (Tokyo, Japan) with
phase contrast. Viability and cell density were estimated by trypan blue exclusion test using
Automatic Cell Counter TC20TM (BioRad Laboratories, Hercules, CA, USA). All assays
were performed in triplicates in three independent experiments. The working solutions of
synthesized dendrimer conjugates were prepared from stock solutions in a corresponding
cell culture media by adjusting the dmso concentration to 0.05-0.2% (depending on the
type of conjugate), which had no effect on treated cells. Control samples with non-treated
cells in complete culture medium with adjusted dmso concentration were included in
all assays.

2.5.2. Cytotoxicity (NR and XTT Assays)

The cytotoxicity of PAMAM G3 conjugates with oM (G32B128h5M or G32B10sh17M) apng
the G3?B128h vehicle was assessed with neutral red uptake (NR) assay and XTT reduction
assay. Cells were seeded in flat, clear bottom 96-well culture plates in triplicate (100 pL
cell suspension/well) at a density of 1 x 10* cells/well and allowed to attach for 24 h.
Then, cells were incubated with working solutions of dendrimer conjugates and vehi-
cle in complete culture medium for 48 h. After that, the NR assay and XTT reduction
assay were performed as described in Uram et al. [20]. Additionally, to present cells
morphology and the level of accumulation of neutral red dye in lysosomes, microscopic
images were collected with a Delta Optical IB-100 microscope with contrast phase under
200 x magnification.

2.5.3. Fluorescently Labeled G3?8128MM or G32B108h17M Cellular Accumulation and Distribution

Cellular accumulation as well as colocalization with nuclei and mitochondria of
fluorescently labeled dendrimer conjugates were analyzed using confocal microscopy.
Cells were seeded into an 8-well Lab-tek™ Chambered Coverglass (Nunc, Denmark) with
a borosilicate glass bottom at a density of 7 x 10* cells/well in 400 L and placed in an
incubator for 24 h. Then, BJ, U118 MG or SCC-15 cells were incubated with non-toxic
concentrations of FCH-labeled G32B128hM (1 /M concentration) and G32B108h17M (0.1 1M
concentration) conjugates, respectively, for 4 or 48 h. After incubation, the dendrimer
solution was replaced with an 8 uM Hoechst 33,342 and 50 nM MitoTracker Deep Red FM
mixture in growth medium without FBS and incubated at 37 °C for 15 min. Following
nuclei and mitochondria staining, cells were washed with PBS (three times) and fixed
with 3.7% formaldehyde in PBS. The images were collected in three channels with a
confocal microscope (Olympus Fluoview FV10i, Tokyo, Japan) at 361/497 nm for Hoechst,
491/515 nm for FCH, and 644 /665 nm for MitoTracker. Images were collected using an
objective with water immersion, under a total magnification of 240x. The obtained images
had an optical section thickness of app. 1.2 um. Image analysis was performed with the
Image] software.
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2.5.4. Apoptosis and Intracellular ATP Level

The activity of caspase-3 and -7, the apoptosis marker, was measured to check the
ability of the synthesized compounds to induce apoptosis in studied cells. In addition, the
intracellular ATP level was assessed. For both parameters, commercially available kits
Apo-ONE® Homogenous Caspase-3/7 Assay (Promega) and CellTiter-Glo® Luminescent
Cell Viability Assay (Promega) were used. Cells were plated at a density of 1 x 10* per well
into a flat, black bottom 96-microplates for apoptosis assay and into a clear 96-microplate
for ATP level assay. After 24 h of incubation, cells were treated with the G32B12ghM
G32B10g8h17M golutions (100 pul/well) for a further 48 h. Both assays were carried out as
described by Uram et al. [26], who used Hoechst 33342 staining to determine the number
of cells.

2.5.5. Proliferation

Cell proliferation was estimated using DAPI staining. The 5 x 10% cells/well were
seeded into a flat, clear bottom 96-well plates and incubated for 24 h at 37 °C to attach.
After removing the growth media, cells were treated with working solutions of G328128h5M
or G3?B108hI’M conjugates for 72 h in increasing concentrations. In the next step, plates
were centrifuged (5 min, 700 g) and the medium was gently removed. The assay was
performed according to Uram et al. [26].

2.5.6. Adhesion

Evaluation of cell adhesion was performed with crystal violet (CV) assay. Cells were
seeded into a 96-well clear bottom plates at a density of 1 x 10* cells/well and left 24 h at 37 °C
to attach. Afterwards, cells were incubated with working solutions of studied compounds
for 48 h and the subsequent operations were carried out as described in Markowicz et al. [5].
Images of the studied cells stained with crystal violet were collected with a Delta Optical
IB-100 microscope with contrast phase, with a 10x objective magnification.

2.5.7. Toxicity to Caenorhabditis Elegans and the Worm Survival Analysis

The model organism Caenorhabditis elegans was used to estimate in vivo activity of the
synthesized dendrimer conjugates and a-mangostin alone in the multicellular system. The
wild type C. elegans strain N2, variety Bristol, was cultured at 20 °C on NGM agar plates
with E. coli OP50 lawn as a food source [27]. Survival assay was based on the protocol by
Bischof et al. [28] and was adapted to a 96-well plate. Worms at L4 stage were used in the
assay and obtained from eggs by prior synchronization of all-stages-nematode population
by treatment with hypochlorite. The obtained eggs were left in M9 buffer overnight at
room temperature for hatching. The next day, nematodes at L1 stage were transferred
to NGM plates with bacterial lawn and grown at 20 °C until the L4 stage (approx. 44 h).
After that, the L4 worms were washed twice with distilled water and centrifuged at 250 g
followed by resuspension in complete S medium ([29] and centrifugation. Then, the
density of nematode suspension was estimated according to Scanlan et al. [30]. Nematodes
were suspended in complete S medium supplemented with E. coli OP50 (1:1000), 0.08%
cholesterol (5 mg/mL in Et-OH), 1% penicillin-streptomycin, 1% nystatin, and 100 mM
FUdR (in final concentration 200 uM) to obtain 20 nematodes in 50 puL transferred to
each well. FUdR was added to sterilize nematodes. The working solutions of tested
compounds were prepared in the complete S medium with dmso (adjusted to 0.1%, 0.36%,
and 0.41% for oM, G3?B12805M and G32B108h"M yegpectively) and pipetted (50 uL/well)
to a 96-well plate with previously seeded worms. Then, worms were incubated at 20 °C
for 7 days. Every day live (moving and curling) and dead nematodes were counted
under an inverted microscope. Additionally, images of some morphological changes in
nematodes after incubation with G3?B128"°M yvere collected using Delta Optical IB-100
microscope under 10x and 20x magnification. The assay was performed in triplicates in
three independent experiments.



Int. J. Mol. Sci. 2021, 22, 12925

10 of 27

2.5.8. Statistical Analysis

Due to the lack of a normal distribution of the data in the experimental groups,
the non-parametric Kruskal-Wallis test was used to evaluate the differences between
dendrimer-treated cells and non-treated control in each cell line. To determine the sta-
tistically significant differences between G3?B1280M and G32B108M17M treated groups, a
Mann-Whitney U test was performed. p < 0.05 was considered statistically significant.
The survival curves of C. elegans were presented in a plot of the Kaplan-Meier estimator.
Statistically significant differences (with p < 0.05) between treated and non-treated control
groups were indicated using Gehan’s Wilcoxon test. All analyses and calculations were
performed using Statistica 13.3 software (StatSoft Poland, Cracow).

3. Results and Discussion
3.1. Dendrimer Conjugates Synthesis and Characterization

The bioavailability of a-mangostin (M) is low due to its poor solubility in aqueous
solutions, below 0.5 uM at ambient temperature. On the other hand, it has been evidenced
that oM shows a wide range of pharmacological activities, including anticancer, antioxidant,
anti-inflammatory [31], and antibacterial [32]. In vitro and in vivo studies on various cancer
models have proven that the anticancer activity of «M is manifested by, i.a., inhibition of
cell proliferation, induction of apoptosis [33,34], and inhibition of metastasis [35]. In order to
overcome limitations of «M, we performed several attempts to functionalize it by attachment
it to PAMAM dendrimers, which are known to act both as solubilizers for hydrophobic drug
molecules and as macromolecular carriers for covalently attached (pro)drugs [36]. Thus, we
have used poly(amidoamine) dendrimer of the third generation, G3, as macromolecular carrier,
and attempted to bind oM via short link provided by p-nitrophenyl chloroformate (NPCF).
aM was functionalized with NPCF to obtain p-nitrophenylcarbonate derivative, xM-NPC
which was further used to bind it to terminal primary amine groups of G3. Although we were
able to isolate G3-aM with NPCF-derived carbonyl linker, the water solubility of obtained
derivatives was too low to progress with biological tests. Therefore, we converted G3-aM
conjugates into more soluble compounds by reaction of remained primary amine groups with
D-glucoheptono-1,4-lactone (GHL) to obtain amide-attached polyhydroxyalkyl chains. Two
G3-oM derivatives were prepared (Scheme 1) differing by «M substitution levels amounting
on average to 17 and 5 residues per dendrimer molecule. These were additionally furnished
with two equivalents of amide-attached biotin per dendrimer molecule and exhaustively or
semi-exhaustively glucoheptoamidated with GHL. The macromolecular G3 substrate was
equipped with 2 biotin to obtain G3?P as before, reacted with «M-NPC, and further converted
with excess of GHL, as described before [24]. Additionally, in order to obtain the control carrier,
void of «M, G3 substrate was substituted with two biotin residues per dendrimer molecule
and further glucoheptoamidated with excess of GHL to obtain G3?8128". The conjugates were
well soluble in dmso and characterized by NMR spectroscopy in this solvent, while molecular
size was determined by DLS measurements in diluted aqueous solutions.

The "H NMR spectra of the final products, G3?B128h°M and G32B108h17M are presented
in Figure 1B,C. For comparison, the 'H-NMR spectrum of «M in dmso-d¢ was recorded
(Figure 1A) and 'H resonances were assigned in accordance with literature data [37,38].
Common features of the 'H NMR spectra were the PAMAM G3 core methylene proton
(a,b,c,d) resonances within 2.19-3.10 ppm region, while protons of amide groups gave
broad signal at 8.0 ppm (NH(G3)). In the case of biotin, resonances of aliphatic chain
protons (2B and 3,4,53), ureido ring protons (10,11B), and thiophane ring protons (8,9B)
were separated from gh and G3 core resonances (Figure 1B,C). The resonances of gh C-H
protons were observed in the 3.3-3.9 ppm region.

For both dendrimer conjugates G32B128h5M 44 G32310gh17M, the characteristic reso-
nances of oM in the 'H NMR spectra are observed (Figure 1): partially overlapped singlets
within 1.61-1.77 ppm from protons of four methyl groups, and methoxy group proton
singlet resonance at 3.70 ppm. Although prenyl methylene proton (11 and 16) doublets
remain non-equivalent in both G32B128h5M 51 q G32B108h17M the 11-H doublet was found
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at 3.99 ppm (for G32B10gh17M) and at 3.95 (for G32B128h5M)  The 12 and 17-H triplets are
overlapped at 5.16 ppm for oM, G3%B128h5M and G32B10gh17M,

The resonances of two «M aromatic protons in both conjugated spectra are considerably
shifted upfield, due to the shielding effect of the hyperbranched dendrimer with additional
polyhydroxyalkylamide chains. The larger shift of 5™ resonance in both conjugates related to
oM (0.30 ppm upfield) in comparison with the 4M signal (0.08 ppm upfiled) were observed.
The 'H and '3C resonances of aM in G32B1280°M and G32B108h1’M yyere assigned based on
2-D 'H-'H COSsY (Figure S1) and heteronuclear 1H-13C HSQC and HMBC experiments (for
combined HSQC/HMBC map see Figure S2) and are listed in Table S1.

The considerable shift of H5 proton resonance (0.30 ppm upfield) together with
4.4 ppm downfield shift of C6 and 1.5 ppm upfield shift of C7 resonance in relation to aM
alone spectra in dmso-dg strongly suggest that 6’ oxygen is involved in carbamide linker.
In such a bonding mode, both prenyl proton multiplets remain unshifted in the conjugates.

We were not able to isolate an xM-NPC intermediate single crystal to verify unam-
biguously which hydroxyl group was substituted with para-nitrophenylcarbonate and
further involved in a bonding with dendrimer.

Additionally, G3?B128h conjugate was synthesized to examine the vehicle cytotoxicity.
All of these conjugates were extensively purified by dialysis against water, in order to re-
move low molecular reagents or side products, such as p-nitrophenol and DMAP, and dried
under high vacuum. The "H NMR spectrum of G3%P128h conjugate is shown in Figure 2A.
The 'H resonances were assigned based on COSY spectrum as described before [24]. The
number of attached residues of «M, biotin and gh was estimated based upon the integral
intensity of 'H resonances in relation to the reference intensity of by.3 protons resonance
from the dendrimer core, namely [120H].

Because no free amine groups of G3 were readily available in G , all conju-
gates were single-labeled with fluorescein using FCH, which was activated with Mukaiyama
reagent and attached to gh hydroxyl groups via ester bond. The average 1:1 stoichiometry
was confirmed by 'H NMR spectra (not shown) in G3?B12805MF and G32B10gh17MF,

32B10gh17M

3.2. Size and Zeta Potential of Conjugates

Unlike PAMAM G3, the G3?B128h derivative has smaller dynamic diameter in water,
which increases upon acidification of the solution to pH 5 about four times (Figure 3; for
numbers, see Table 1) due to protonation of internal tertiary amine groups, as observed
before within a series of G38" derivatives [39]. The highest value of diameter was observed
already for half-substituted G3'%8", namely 4.60 nm (averaged by volume) or 3.80 nm
(averaged by number); the biotin-containing conjugate G3%8128" has a comparable size.

Although we have prepared two relatively well water-soluble «M conjugates, namely
G3?B128h5M and G32B108M7M in contrary to non-glucoheptoamidated semiproducts, the
size measurements of aqueous solutions evidenced high association of each G3?B128h°M
and G3%B108h17M DI S measurements indicated the number-averaged size for G328128h5M,
amounting to 1262 nm with major contribution from large size particles (d(V) = 1367 > d(N)).
These associates were destabilized at pH 5, resulting in a decrease of particle size within the
<200,100> nm region. The G32B198""M conjugate did not show an additional association
in neutral aqueous solution, and finally, the size of particles was within <230,100> nm
regardless of the pH (7 or 5). Nonetheless, both conjugates showed major contribution of
larger associates in acidic solution, which is illustrated by d(V) > d(N) in Figure 3B.

The values of the zeta potential are positive for all conjugates studied (Figure 4). The
vehicle G3?B128" has a ¢ of circa 11 mV, the same as the G3'%8" studied in a regular series
of derivatives [39]. aM-containing conjugates showed the same (, circa 22 mV, which
is twice that for the vehicle itself, despite the 10-fold size difference between G328128h5M
and G32B108M7M i water. On the other hand, the potential increased considerably upon a
two log increase of hydrogen cation concentration, presumably due to protonation of core
PAMAM and considerable increase of cationic charge of nanoparticles of the conjugates.
For the size-dependent biological behavior of conjugates vide infra.
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Table 1. Size and zeta potential values + standard deviation determined by DLS analysis.

Size [nm] Zeta Potential [mV]
Compound pH7 pH5
pH7 pH5
d(v) d(N) d(v) d(N)

(G32B12gh 1.0+£0.24 09 +0.22 45+0.14 3.8+0.18 11.1 +2.89 174 +1.87
(G32B12gh5M 1367 £ 245.7 1262 + 196.4 178.3 +5.73 113.8 +7.34 22.7 £1.01 37.5+2.32
G32B10gh17M 149 + 339 111 +£ 141 230.6 +12.4 130.8 £+ 12.25 22.1 +0.61 39.5 + 3.67

A B
Water Acetate buffer pH 5
1600 260 )
N
1500 240
1400 550
1300
1200 200 R
1100 180
T 1000 160 5
£ 900 140 -
2 800 b=
g 700 120
g 600 100
500 80
400 60
300 40
200
100 20 3 g . d(v)
0 0 [@ d(N)
G328129h G323129h5M G328109h17M G323129h G328129h5M G323109h17M

Figure 3. Diameter of conjugates averaged by volume (d(V)) and by number of molecules (d(N)) measured in water (A) and
in acetate buffer pH 5 (B). Data are presented as mean + standard deviation with mean values marked above the columns.
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Figure 4. Zeta potential values of conjugates measured in water and acetate buffer pH 5. Data are
presented as mean = standard deviation with mean values marked above the columns.
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3.3. Cytotoxicity

The main goal of this study was to design an efficient xM delivery vehicle, based
on the biotinylated and glucoheptoamidated (gh) PAMAM G3 dendrimer, increasing
the drug’s toxicity against cancer cells and C. elegans. While substitution by biotin was
supposed to increase the intracellular accumulation of the conjugates, modification by
gh residues was expected to reduce the toxicity of the surface groups of the «M carrier
(PAMAM G3 dendrimer).

The results of the NR assay (Figure 5) revealed that both studied «M conjugates
were active at low, micromolar concentrations, with the effect depending on the level of
dendrimer substitution by the drug. Thus, G3?B198h1M killed all cells more efficiently
than G3%P128"°M  Surprisingly, normal cells were as sensitive as SCC-15 cells, with glioma
cells being less sensitive. The results were confirmed by microscopic analysis. At toxic or
higher concentrations, the studied compounds cells formed aggregates, shrank, lost their
adhesion, and absorbed a lower amount of neutral red dye (Figure 5B).

G32B12gh G32B12gh5M G32B10gh17M
100
[
e
8
s
IS
* *
* K g g Ko
% 25 5 0 20 0 0125 025 05 1 2
Concentration [uM] Concentration [uM]
B Control 1M 2uM 4 uM 0.25 M 0.5 uM 1M
. BJ -
™
B u-118 MG ‘
B scc15
75%' g
Median ©
25% iy
llv') N
o !
O
%)

Figure 5. Cytotoxicity of G32B128h5M G32B10gh1’M 3 the control vehicle G3%B128 against human cells: normal fibroblasts
(B]), glioma cells (U-118 MG), and squamous carcinoma cells (SCC-15) after 48 h of incubation estimated with an NR
assay. (A) Cell viability expressed as medians of a percent against non-treated control (control expressed as 100%). The
whiskers are the lower (25%) and upper (75%) quartile ranges. * p < 0.05; Kruskal-Wallis test (against non-treated control).
(B) Morphology of the cells incubated with chosen concentrations of G3281280°M and G32B108M7M Red signal on microscopic
images represents a neutral red dye.

The results of XTT assay, detecting mainly mitochondria damages, showed a weaker
response than those of NR test (Figure 6). Of note is that despite the effect of the G3%B128h°M
compound, compared to that of G32B198""M compound, the former seems to be a better
candidate for the destruction of neoplastic cells, in view of a strong toxicity of the latter
towards normal human fibroblasts (Figure 6, Table 2).

The results of the NR and XTT assays allowed to determine the half maximal inhibitory
concentration ICs) values, demonstrating both drug conjugates to lack cytotoxic selectivity
against B] vs. squamous carcinoma SCC-15/glioma U-118 MG cells (Table 2, Figures 5 and 6).
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Figure 6. The results of XTT assay performed on BJ, U-118 MG and SCC-15 cells after 48 h of incubation with G3?8128h5M
and G3?B108h17M conjugates and the control vehicle G32B128h. Cells viability expressed as medians of a percent against
non-treated control (control expressed as 100%). The whiskers are lower (25%) and upper (75%) quartile ranges. * p < 0.05;
Kruskal-Wallis test (against non-treated control), J p < 0.05; Mann-Whitney U test (the G32B12gh5M _treated group against

the G3?B108M7M_treated group).

Of note is that with the control dendrimer vehicle G32B128" void of oM, at concentrations
up to 20 uM (the highest allowed in view of dmso in the dendrimer preparation) following 48 h
of treatment, a feeble cytotoxicity of the highest concentration was seen only for SCC-15 cells
with the XTT assay (Figures 5 and 6). These results are in agreement with our earlier results,
indicating that a similar G3 PAMAM dendrimer substituted with 16 gh residues was non-toxic
up to 100 uM [39]. It confirms that biotinylated and partially glucoheptoamidated PAMAM G3
dendrimer is useful as a drug nanocarrier. The conjugation of «M with non-toxic dendrimeric
carrier (G328128h resulted in the drug’s toxicity increase, as compared to that of the free oM [5].
The increase of toxicity was dependent on the level of substitution of the carrier by the drug,
observed not only against SCC-15 cells (about 4.5- or 21-fold), but also for U-118 MG (about
5.2- or 25-fold) and BJ cells (4.5- or 11.5-fold for G3?B128h5M and G3?B108h17M, respectively). It
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should be noted that the conjugate with five residues of xM enhanced its toxicity on average
by ca. 5-fold, which may be related to the polyvalency or multivalency phenomenon [40]. Of
interest is that the conjugate with 17 residues enhanced oM activity by about 21-25-fold in
cancer cells but by only 11.5-fold in normal cells. This suggests that addition of more xanthone
residues increase its activity in cancer cells with simultaneous moderation of this effect in
normal cells, resulting in an apparent enhancing of antineoplastic efficacy [41].

Table 2. The half maximal inhibitory concentration (ICsy) values determined following 48 h of
treatment of BJ, U-118 MG, or SCC-15 cells with G32B12ghSM ;. (G32B10ghl7M,

ICs0 [uM] NR Assay

BJ U-118 MG SCC-15
(G32B12gh5M 2 1.83 1.41
(G32B10gh17M 0.28 0.39 0.31
«-Mangostin! 8.97 9.59 6.43

ICs0 [uM] XTT Assay

BJ U-118 MG SCC-15
(G32B12gh5M 237 2.05 252
(G32B10gh17M 0.78 1.01 0.85
x-Mangostin 1 18.58 18.15 7.72

1 ICsq values for a-mangostin quoted from our earlier work [5].

It should also be mentioned that U-118 MG cells, compared to the remaining cell lines,
did not present higher sensitivity to the drug bound to both biotinylated vehicles, which
was unexpected considering that glioma cells tend to overexpress biotin receptors and in
consequence demonstrate increased biotin uptake [42,43].

3.4. Cellular Accumulation and Distribution of Fluorescently Labeled G3?B128h5M op G32B108H17M

Drug vehicles, including dendrimers, may change cellular uptake and accumulation of
delivered substances. Based on our earlier experience [22] and considering higher cellular
uptake of biotinylated vs. non-biotinylated dendrimers [20,21] the glucoheptoamidated
dendrimers used in this study were substituted with two biotin residues per dendrimer
molecule, in order to enhance their accumulation and, in consequence, also xM accumula-
tion in the studied cancer cells. It should be added that an increased uptake of biotinylated
dendrimer-drug conjugates by cancer cells could be expected, in view of biotin receptors
and transporters being frequently overexpressed by such cells [19].

Cellular uptake, accumulation and toxicity are dependent on molecule size, charge and
charge-related zeta potential of nanoparticles. Increased cytotoxicity of nanoparticles in non-
phagocytic cells correlates with their small size [44]. At physiological pH, G3?B128hM and
G3?B108h7M conijugates indicated high association with diameter determined by DLS, equal
to about 1300 nm for G32B128MM and 130 nm for G32B108M7M compared to an aM-free carrier
(about 1 nm diameter). Probably for this reason, microscopic observations of cells after
4 h of incubation with both FCH-labeled G3?B128"M and G3?B198MM revealed no visible
fluorescence signal inside them. Only 48 h of incubation of fluorescently labeled G3%8128h°M
or G3?B108h"M jndicated that both compounds were taken up by all cell lines with the
highest accumulation in normal human fibroblasts, while in cancer cells, their amount was
significantly lower (Figure 7). This phenomenon may be due to the ability of fibroblasts
to more efficiently uptake biotin compared to other cells as we described [22]. It is also
possible that the stronger accumulation of studied compound in these cells may be a result
of their ability to non-professional phagocytosis or phagocytosis [45,46]. The formation of
associates by a«M conjugates resulted not only in slower uptake of these nanoparticles—the
toxicity was also caused by the presence of &M itself rather than by the interaction of
positively charged dendrimer vehicles and negatively charged cell membranes. Microscopic
observations revealed that absorbed conjugates remained in endocytic vesicles, with only
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a small part of the dendrimer present in the cytoplasm of the cells. It is known that «M
induces caspase-3 and -9 activation causes swelling, loss of membrane potential (delta psi),
decrease in intracellular ATP, ROS accumulation, and cytochrome c/AIF release in human
leukemia HL60 cells [47] and also provokes the release of cytochrome C, increase of Bax,
decrease of Bcl-2, and activation of caspase-9/caspase-3 cascade in cervical cancer cells [33].
Therefore, mitochondria seem to be a natural goal for the anticancer activity of «M. In this
study, both conjugates penetrated into mitochondria of SCC-15 cells and normal fibroblasts,
but very poorly into mitochondria of glioma U-118 MG cells (Figure 7), suggesting a reason
of glioblastoma cells being resistant to «M conjugates (see Figures 5 and 6).
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Figure 7. Images obtained with confocal microscopy presenting cellular accumulation and localization of
fluorescently labeled G32B128hM or G32B108h17M conjugates after 48 h of incubation with 1 1M or 0.1 M
non-toxic concentrations. Green signal: FCH-labeled dendrimer, blue signal: cell nuclei stained with
Hoechst 33342, red signal: MitoTracker Deep Red FM labeled mitochondria, yellow signal: colocalization
of FCH labeled dendrimer and MitoTracker labeled mitochondria. Scale bar is equal 20 pm.
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3.5. Caspase-3/7 and Intracellular ATP Level

Another sign of advanced cytotoxicity is the entry of cells into the programmed path-
way of death, apoptosis. Regardless of whether this is an extrinsic or intrinsic mechanism,
executive caspases (caspase 3,6,7) are produced to proteolytically degrade components of
damaged or malfunctioning cells [48]. In this experiment, the potential of dendrimer conju-
gates with 5 or 17 residues of aM to induce apoptosis in cancer cells compared to normal
cells was studied. In addition, the intracellular ATP level was also estimated. The results
are shown in Figure 8 as a relationship between the activity of executioner caspases and
intracellular ATP level in studied cell lines. Both conjugates G328128MM and G32B10gh17M
significantly increased activity of caspase-3/7 in all tested cell lines at concentrations higher
than ICsp. The most active was the conjugate with 17 residues of «M, inducing Cas-3/7
activity growth with a concentration of 0.5 uM, while the conjugate with 5 xM residues
induced this effect with a concentration of 3 uM.

BJ ' ] ' ' U-11§ MG ' ) ] SC(?-15
3000 G32B12ghsM || g32812gn5M

2B12gh5M
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Figure 8. Activity of caspase-3/7 and intracellular ATP level in BJ, U-118 MG, and SCC-15 cells after 48 h of incubation
with G32B128hM (14 ;1M) and G3?B108M7M (0.25-2 11M) conjugates. The results from three independent experiments are
medians expressed as a percentage of non-treated control, where data for caspase-3/7 level are marked in red, while data
for ATP level are marked in violet. Boxes represent the first (25%) and third (75%) quartile; whiskers are the minimum and
maximum range. * p < 0.05, Kruskal-Wallis test (against non-treated control).

As the cytotoxicity of oM significantly increases upon the conjugation with the den-
drimer, the same effect is observed for apoptosis. In our earlier studies [5], «M alone
induced apoptosis from 10 uM in cancer and from 20 uM concentration in normal cells.
Thus, lower concentrations of «M affected cancer than normal cells. Two other simi-
lar xanthones, namely alvaxanthone and rheediaxanthone B, induced higher activity of
caspases-3/7 in cancer cell lines comparing to normal cells [49]. For «M conjugated with
PAMAM G3 dendrimer, this effect was not seen—the most sensitive were fibroblasts. Re-
ferring to non-treated control, at the highest concentration of G32B128h5M there was a 11-,
25- and 26-fold increase in caspases activity in U-118 MG, SCC-15, and BJ cells, respectively.
In case of G3?B108M"M there was 17-fold growth in glioblastoma cells and 21-fold growth
in the SCC-15 cell line, while fibroblasts obtained a 104-fold increase of caspases activity.
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This result may be due to the presence of biotin in conjugates and its higher uptake by
fibroblasts compared to remaining cancer cells, as previously observed by Uram et al. [22].
The results of the accumulation studies of fluorescently labeled G3?B128M5M and G32B10gh17M
conjugates are consistent with this, demonstrating higher uptake of biotinylated conjugates
by fibroblasts (Figure 7). On the other hand, the lowest level of caspases activity in glioblas-
toma cells may be caused by their intrinsic mechanisms of decreased apoptosis, which
makes GBM resistant to apoptosis inhibitors [50] and causes the propensity of astrocytic
glioma to necrosis [51]. Considering this fact, the obtained statistically significant induction
of apoptosis by «M dendrimer conjugates at low concentrations makes them interesting in
the context of anticancer properties.

Since ATP plays a key role in the decision of cell death fate and the ATP-dependent
nature of apoptosis [48,52], intracellular ATP level after 48 h of incubation with G32B128h5M
and G32B108h17M g assessed. After treatment with 1-3 uM G32B12gh5M the ATP amount
has grown to 195% in SCC-15 cells and to 210% in BJ cells, and then, at the highest concen-
tration, this was 183% and 150%, respectively. In the case of U-118 MG cells, the level of ATP
remained mostly unchanged. In the same range of concentrations, activity of caspases has
grown significantly in all three cell lines. Meanwhile, incubation of both cancer and normal
cells with G3?B108h7M Jed to an increase in ATP level at 1 uM, followed by a reduction at
2 uM concentration. The biggest rise and fall of ATP level was observed in fibroblasts (363%
and 1.2% of control), while in SCC-15 cells it was 225% and 80%. In glioblastoma cells, the
ATP level increased only to 112%, but then decreased to 27%. These ATP changes were
accompanied by growth in caspases-3/7 activity in all tested cells, alike for G32B128h5M,
As a high level of intracellular ATP often favors apoptosis [52], and caspases 3 and 7 are
activated in the advanced stage of this process, it can be concluded that the studied conju-
gates induced ATP-dependent apoptosis in a concentration-dependent manner. However,
considering the fact that various forms of cell death (autophagy, apoptosis, and necrosis)
can be induced simultaneously or successively and that low level of ATP often promotes
necrosis [52], the tested conjugates at highly toxic concentrations (4 uM of G3?B1280°M and
2 uM of G32B108h17M) coyld also induce necrosis in both cancer and normal cells. A similar
effect was observed by Uram et al. [53] in studies regarding biotinylated dendrimer PAMAM
G3 conjugated with celecoxib and Fmoc-L-Leucine (G3-BCL). In fibroblasts, the apoptotic
pathway was dominant up to 2 uM of G3-BCL conjugate with a constant ATP supply, while
at 4 uM concentration, a significant increase of late apoptosis/necrosis was observed with
simultaneous extensive depletion of ATP level. The same pattern of cell death fate was
revealed in glioblastoma cells but still with a high level of ATP observed at 4 uM of G3-BCL.

3.6. Proliferation

It is known that «M exhibits a strong anti-proliferative effect in human colon HCT116
carcinoma cells with inhibition of the activity of DNA topoisomerases I and II, and blockade
of the cell cycle in the G2/M phase [54], and also in human breast cancer T47D cells [55]
and several others [56]. G32B128hM inhibited BJ and SCC-15 cell proliferation from 2 uM
concentration and U-118 MG glioma cells from 3 uM, while at higher concentrations cell
proliferation was lower than 20% and close to zero. A stronger effect was observed in case
of G3?B108hI7M 'ywhich significantly suppressed proliferation from 1 M concentration for BJ
and U-118 MG or even 0.5 uM for SCC-15 cells. Moreover, activity of conjugate with 17 «M
residues was always stronger than G3?B128"5M Tt is worth noting that the control dendrimer
vehicle G3?B128h at concentrations up to 20 uM showed no anti-proliferative effect against
tested cell lines and even increased the proliferation of fibroblasts by 40% (Figure 9).

Comparing this effect with the toxicity results, it can be concluded that the anti-
proliferative effect coincides with the toxicity pattern (Figures 5 and 6). It is also visible that
conjugation of «M with PAMAM G3 dendrimers enhanced its antiproliferative effect since
our previous studies showed activity of M alone against BJ, U-118 MG and SCC-15 cells in
range of 7.5-20 uM concentrations [5]. Finally, the use of the biotinylated carrier for 5 «M
residues led to a reduction of cell proliferation about three-fold, while G3?8108h17M inhibited
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cell divisions by 7-, 15-, and 10-fold in BJ, U-118 MG, and SCC-15 cells, respectively,
compared to «M alone. This phenomenon may be the result of multi/polyvalency effect or
higher amount of «M accumulation inside the studied cells and showed that the studied
compounds may play an important role as new anticancer agents.
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Figure 9. Anti-proliferative action of (G32B12gh5M 4149 (G32B10gh17M oy BJ, U-118 MG, and SCC-15 cells after 72 h of incubation,
determined with Hoechst staining. Results are from three independent experiments, performed in triplicates and presented
as medians (percentage of non-treated control). Whiskers indicate the lower (25%) and upper (75%) quartile ranges.
* p < 0.05, Kruskal-Wallis test (against non-treated control).  p < 0.05; Mann-Whitney U test (the G3?B128"°M_treated group

against the G
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3.7. Adhesion

Among the ten hallmarks of cancer development and progression, there is the activa-
tion of invasion and metastatic processes [57]. Malignant cells during migration adhere to
extracellular matrix (ECM) proteins, providing a path to the new metastasis site [58,59]. As
cell-to-cell and cell-to-ECM adhesion plays a very important role in tumor metastasis, the
molecules with anti-adhesion properties may contribute to suppress the cancer expansion
to other tissues. The ability of «M dendrimer conjugates to affect cells adhesion was
evaluated by the assay with crystal violet dye, which stains DNA of intact adherent cells.
The obtained results are presented in Figure 10.
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Figure 10. The ability of BJ, U-118 MG, and SCC-15 cells to adhere determined by crystal violet assay after 48 h of treatment
with G32B128h5M r G32B108h17M 4t different concentrations. (A) Results are medians with first (25%) and third (75%) quartile
obtained in three independent experiments and expressed as a percentage of non-treated control. * p < 0.05, Kruskal-Wallis test
(against control group). (B) Cells attached to the bottom of 96-well plate and stained with crystal violet after 48 h of incubation
with studied dendrimer conjugates. Violet signal represents a crystal violet dye inside the cells. Scale bar = 50 pm.

The SCC-15 cells were the most susceptible to loss of adhesion after incubation with
G32B12gh5M| having 45% of attached cells at 2 uM and 1.7% at 4 uM concentration. Fibrob-
lasts and glioblastoma cells achieved a statistically significant decrease of adhesion at 3 uM
of G32B128h5M 1,4t the difference between these two cell lines was 60% in favor of U-118 MG
cells. PAMAM G3 dendrimer with 17 residues of oM influenced cells attachment stronger,
significantly decreasing adhesion of BJ and SCC-15 cells from 0.5 uM concentration. For
this conjugate, U-118 MG cells were also the least affected, having 48% of adherent cells at
1 uM, which is 12 times more than for B] and SCC-15 cells. These results are in line with the
microscopic observations shown in the Figure 10B, which present the number of adherent
cells stained with crystal violet dye after incubation with tested conjugates in selected
concentrations. U-118 MG cells retained relatively high adhesiveness even after treatment
with conjugates at concentrations higher than the ICsj values. Similar results were obtained
for oM and other xanthones [5,49]. In these studies, the adhesion of squamous carcinoma
cells was slightly more disturbed compared to fibroblasts, while the weakest effect was
observed in glioblastoma cells. Considering the cytotoxicity of the tested conjugates, the
G3?B128h5M conjugate seems to be more potent in anti-adhesion properties in squamous
cell carcinoma treatment. In case of GBM, extracranial metastases are extremely rare,
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affecting 0.4-0.5% of all patients with GBM [60], but in the last decade, clinical reported
cases of extraneural dissemination have become more frequent [61]. In addition, GBM is
suggested to disseminate not only via cerebrospinal fluid, but also through bloodstream
and lymphatic vessels. Therefore, the ability of G32B108"7M to reduce adhesion of U-118
MG cells by 52% at 1 uM concentration is noteworthy:.

3.8. Toxicity to C. elegans and the Effect on the Worm Survival

Caenorhabditis elegans nematode was used as a model organism to examine in vivo
effect of synthesized «M dendrimer conjugates on multicellular system. It has been shown
that C. elegans is valuable animal model for studies on toxicity and biocompatibility of
various nanoparticles [62,63]. Synchronized population of L4 stage-worms was incubated
for 7 days in the medium (see Section 2.5.7) containing different concentrations of «M,
G32B12gh5M 4nd G32B108h17M 45 well as G32B128h (control vehicle). The results are presented
in Figure 11 as survival curves determined by the Kaplan-Meier method.
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Figure 11. Kaplan-Meier survival curves of C. elegans after 7 days of incubation with a-mangostin, G3?B128h5M  (G32B10gh17M,

and G32B128h yehicle at different concentrations. Results are presented as cumulative proportion surviving. Statistically

significant differences against non-treated control obtained in Gehan’s Wilcoxon test are marked with asterisks (p < 0.05) in

the colors corresponding to the tested concentrations.
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Similar to the results of the in vitro studies, attachment of «M to dendrimer vehicle
increased its toxicity against C. elegans organism, but to a slightly lesser extent. The
concentrations in which the proportion of live nematodes was 0.4 after 7 days of incubation
were 40 uM of aM, 16 uM of G32B128hM and 2 uM of G32B10gh17M (Figure 11), pointing to
the activity of G3?P128h5M and G32B108h1"M compared to free M, being 2.5- and 20-fold
stronger, respectively.

Based on the survival curves after 7 days of incubation, the LCsy values were also cal-
culated for «M, G32B128h5M | G32B10gh1’M 41 control vehicle G32B128M (Table 3, Figure 12),
the latter showing a moderate toxicity level [64].

Table 3. The LCs( values against C. elegans for free and dendrimer-bound «M, and a control den-
drimer vehicle, determined following 7 days of incubation with «M, (G32B12ghSM | (532B10gh17M ).
G32B12gh presented as medians and the first and third quartile. The LCsj values were determined
using an online calculator (AAT Bioquest, Inc. Quest Graph™ ICsy Calculator. Retrieved from
https:/ /www.aatbio.com/tools/ic50-calculator (accessed on 14 October 2021).

LC50 [uM] 1st Quartile 3rd Quartile
(G32B12gh 49.88 40.58 57.98
x-Mangostin 18.74 18.64 20.23
(G32B12gh5M 7.87 495 8.09
(32B10gh17M 1.38 1.03 1.42
70 ' ' * % ' '
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Figure 12. The LCs values against C. elegans for oM, dendrimer vehicle G3?8128h and G32B128hM o
G32B108h1’M conjugates presented as medians with the first and third quartile. Statistically significant
differences estimated by the Kruskal-Wallis test are marked with ** and by U Mann-Whitney test
with *p < 0.05.
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As expected, each of the G32B128h5M and G32B108h17M conjugates was more toxic than
the G3%B128h control vehicle (by 6.3- and 36-fold, respectively) or free M, with the activities
of G32B128h5M and G32B108h1"M compared to free aM, being stronger by 2.4- and 13.6-fold,
respectively (Table 3).

The present results obtained for free aM, tested against the L4 stage nematodes
(Table 3), differ from those obtained earlier in toxicity assay performed by a different
method and against a mixed C. elegans population [5]. The LCs; value for «M was found
3.8 £ 0.5 uM, thus the nematode at L4 stage (LCsg = 18.74) appears distinctly less sensitive
to the drug than the other developmental forms.

The toxic effects of ®M and its conjugates with biotinylated PAMAM G3 dendrimer was
accompanied by morphological and locomotion changes of the treated nematodes. Already
after 24 h of incubation with the highest concentrations of G3?B128"°M and G32B10sh1’M,
slower and vibrating movements were observed. As the toxic effect progressed, the wavy
motion declined, leading to straightening and stiffening of the C. elegans worm, until it
became motionless. Moreover, the creases of the cuticula and degradation of this tissue
were seen (Figure 13).

It should be noted that the increase of M toxicity, resulting from the drug binding
with the dendrimer molecules in G32B128"°M and further enhancement in consequence of
the higher level of dendrimer substitution by aM in G32B108M"M  was similar when tested
in vivo with C. elegans (by 14-fold in terms of the LCs( values; Table 3) and in vitro with cells
(by 9-32-fold considering the ICsy values; Table 2). Thus, the free drug and its dendrimer-
bound forms appear to interact with cells and the model organism following a common
mechanism. Further studies are needed to follow the dendrimer-bound «M uptake by
C.elegans and compare it with that documented for certain other nanomolecules [65-67],
such a study being impeded by a certain level of the worm autofluorescence.

A Control 4 M G32B12ghSM 16 uM G32B12gh5M
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Figure 13. Morphology of C. elegans nematodes after 7 days of incubation with G3?B128°M dendrimer
at a concentration of 4 and 16 uM in comparison to the control group representative, presented under
10x (A) and 20x (B) objective magnification.

4. Conclusions

Since a-mangostin is considered a useful agent in anticancer therapy, it seems neces-
sary to try to increase its solubility, efficacy and selectivity by finding a suitable carrier for
it. In this study, we showed that non-toxic, third-generation glucoheptoamidated and bi-
otinylated poly(amidoamine) dendrimers can provide an excellent carrier for «M, making
its cytotoxic, antiproliferative, and anti-adhesive properties more visible at significantly
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lower concentrations. Additionally, it gives the opportunity to avoid side effects associated
with a too high concentration of M in therapy. At the same time, the mechanism of action
of the described conjugates remains characteristic for xM itself (pro-apoptotic effect and
changes in ATP levels related to the mitochondrial pathway). This means that despite the
lack of selectivity against neoplastic cells, the studied conjugates may be a valuable tool in
the local therapy of glioblastoma and squamous cell carcinoma. It is worth to underline
that the dendrimer vehicle at concentrations up to 20 uM showed no anti-proliferative
effect against tested cell lines, with a feeble cytotoxicity of the highest concentration seen
only with squamous carcinoma cells. The present results indicate that the proposed «M
delivery system allows the drug to be more effective in the dendrimer-bound than in the
free state against both cultured cancer cells and the model organism, suggesting that this
treatment is promising for anticancer as well as anti-nematode chemotherapy.
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Figure S1. COSY spectrum for G3?%1%"M in dmso-ds. The relevant cross-peaks are labeled as
follow: a - 12H/11H; b - 17H/16H; c — group of scalar coupling peaks between 14H, 15H, 19H,
20H (methyl group singlets) with 12H, 17H (overlapped methylene triplets); e - 14H,15H/11H;
f - 19H,20H/16H; d — group of internal PAMAM G3 cross-peaks (not specified; for detailed
assignment see [39].
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Figure S2. Combined HSQC/HMBC map for G3%'%"M™ in dmso-ds. One-bond correlation
peaks are shown and labeled in blue, while longer distance 'H-*C cross-peaks obtained in
HMBC experiment are drawn and labeled in red-yellow scale. The following unambiguous
HSQC peaks for internal G3 are: di—bos; d>— do2; ds— aos; ds— cos,ds, while series of M residues
HMBC are: a— H14,H19/C14,C19; b- H15,H20/C15,C20; c— H16/C16; e— H11/C11; {- H7'/C7’;
g,h—-H12,H17/C12,C17; i— H4/C4; ; j— H5/C5. The relevant HMBC peaks are as follows: a —
H5/C7; b — H5/C10a; ¢ — H5/C6; d — H5/C9; e — H4/C9; f — H4/C3; g — H4/C4a; h — H4/C2, j -
H16/C2; k - H7/C7, m - HI14H15/C12,C13 and HI19H20/C17,C18; n -
H12,H17/C14,C15,C19,C20.



Table S1. The 'H and *C resonance assighments for a-mangostin in G3?510h17M

Locant (Scheme 1) Chemical shift

13C 1H
1 160.0 -
2 109.7 -
3 162.9 -
4 92.6 6.29 [1H], s
4a 1545 -
9a 154.9 -
9 1812 -
8a 108.0 -
10a 155.8 -
5 101.9 6.65 [1H], s
6 161.6 -
7 145.1 -
7’ 60.2 3.69 [3H], s
8 135.6 -
11 26.2 3.99 [2H], d
12 1248 5.17 [1H], t
13 130.2 -
14 184 1.75[3H], s
15 26.1 1.61[3H], s
16 21.6 3.19
17 1233 5.17 [1H], t
18 130.6 -
19 182 1.72 [3H], s

20 26.0 1.61[3H], s
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Abstract: x-Mangostin and vadimezan are widely studied potential anticancer agents. Their biologi-
cal activities may be improved by covalent bonding by amide or ester bonds with the third generation
poly(amidoamine) (PAMAM) dendrimer, substituted with «-D-glucoheptono-1,4-lactone and biotin.
Thus, conjugates of either ester- (G38MB5V) or amide-linked (G328128h5V) yadimezan, and equiva-

gh2B5M 45d G32B12gh5SM respectively), were synthesized, characterized and

lents of a-mangostin (G3
tested in vitro against cancer cells: U-118 MG glioma, SCC-15 squamous carcinoma, and BJ normal
human fibroblasts growth, as well as against C. elegans development. x-Mangostin cytotoxicity,
stronger than that of Vadimezan, was increased (by 2.5-9-fold) by conjugation with the PAMAM den-
drimer (with the amide-linking being slightly more effective), and the strongest effect was observed
with SCC-15 cells. Similar enhancement of toxicity resulting from the drug conjugation was observed
with C. elegans. Vadimezan (up to 200 uM), as well as both its dendrimer conjugates, was not toxic
against both the studied cells and nematodes. It showed an antiproliferative effect against cancer cells
at concentrations >100 uM. This effect was significantly enhanced after conjugation of the drug with
the dendrimer via the amide, but not the ester bond, with G32B12gh5V inhibiting the proliferation of
SCC-15 and U-118 MG cells at concentrations >4 and >12 uM, respectively, without a visible effect
in normal BJ cells. Thus, the drug delivery system based on the PAMAM G3 dendrimer containing
amide bonds, partially-blocked amino groups on the surface, larger particle diameter and higher zeta
potential can be a useful tool to improve the biological properties of transported drug molecules.

Keywords: x-mangostin conjugate; vadimezan conjugate; PAMAM G3 dendrimer; cytotoxicity;
proliferation; glioblastoma; squamous cell carcinoma; human fibroblasts; Caenorhabditis elegans

1. Introduction

Many natural and synthetic compounds with anticancer potential are not active
enough in terms of bioavailability and full exploitation of their biological properties. Xan-
thones, presenting examples of such compounds, are polyphenolic heterocyclic compounds
that can be isolated from mangosteen rind or semi/fully synthesized [1]. a-Mangostin («M),
the main representative of the xanthones family, exhibits anticancer activity through various
molecular mechanisms, the most important of which are the induction of mitochondria-
mediated apoptosis and the inhibition of proliferation, migration, invasion, and angiogen-
esis [2—-6]. These activities were confirmed with in vitro and in vivo models of brain [7],
pancreatic [8], liver [9], cervical [10], prostate [11] and colorectal [12] cancers. Recently, «M
co-administered with doxorubicin was reported to be effective in reducing cell stemness in
luminal breast cancer [13].
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Another xanthone, vadimezan (5,6-dimethylxanthenone-4-acetic acid, DMXAA, ASA404),
is an analogue of flavone acetic acid, considered one of the most promising antivascular
agents. Direct and indirect mechanisms of action have been proposed for Vadimezan (V).
A direct mechanism of V action includes the induction of apoptosis in endothelial cells,
which causes hemorrhagic necrosis and ischemia in tumor tissues and, consequently, a
specific and irreversible destruction of established tumor vasculatures, resulting in the
complete blockade of tumor blood flow. Indirect mechanisms of V action include activation
of the innate immune system, which stimulates production of inflammatory cytokines
(such as TNF and IL-6), activation of NFkB and p38 (MAPK), production of nitric oxide,
and reduction of tumor energetics and membrane turnover [14,15]. Later, the molecular
target of V was discovered—the stimulator-of-interferon-genes (STING) protein that plays
a central role in the innate immune system response. Although due to the satisfying
results of in vivo studies, V has undergone several clinical trials as a single agent or in
combination with taxanes, as well as in the context of carboplatin-based chemotherapy,
the results of phase III clinical trials were disappointing [16]. One of the reasons for the
lack of efficacy is the specificity of V to stimulate only murine STING protein but not
the human STING [17]. Despite the failure of V to act as a STING agonist, attempts are
made to re-develop V alone or in combination with properly targeted delivery systems.
Liu et al. [18] introduced the hSTING mutant, STINGS1624/G2301/Q2661 ¢, reignite STING
activity in Merkel cell carcinoma (MCC), where it is completely silenced. Since this hSTING
mutant is highly sensitive to V, the delivery of STINGS62A/G2301/Q266 o MCC cells and
treatment with V stimulated downstream antitumor cytokine production, T cell migration,
and T cell activation in vitro. Boron difluoride dipyrromethene (BODIPY)-vadimezan
conjugate was synthesized and enwrapped in mPEG-PPDA polymer brushes to obtain a
highly-efficient type I photosensitizer for photodynamic therapy of hypoxic-and-metastatic
tumors [19].

The employment of drug nanocarriers can improve water solubility and biodistribu-
tion of a drug transported in an organism. An ideal nanocarrier should present certain
features, among which the most important are hydrophilicity, biocompatibility, and non-
immunogenicity. Furthermore, it should be easy to conjugate or encapsulate the transported
drug, as well as a proper ligand or targeting moiety, which can direct the drug to selected
tissues and cells compartments [20]. Poly(amidoamine) (PAMAM) dendrimers meet the
above-mentioned requirements. They are three-dimensional and hyperbranched polymers,
attractive for drug delivery purposes [21,22]. Due to their spherical shape and easy-to-
modify surface amine groups, they allow for the sustained release of the drug. This effect
can be achieved by selecting an appropriate linkage between drug and nanocarrier. The use
of different types of drug linkages can result in different drug release sites and rates. The
mechanism of drug release may involve enzymatic or pH-dependent hydrolysis. Amide
and ester bonds are most commonly used for the conjugation of small drugs to polymers,
whereas other linkages, for example, disulfide bonds, have also been demonstrated. Amide
bonds are generally stable towards various reaction conditions (acidic and basic), high
temperature, and the presence of other chemicals. Additionally, they are the least reactive
and their degradation is very slow as the amide bond is stabilized by the partial double
bond [23]. However, Luo et al. [24] proved that in a multifunctional enveloped nano-
carrier with PEG-PLL(DMA) (poly(ethylene glycol)-blocked-2,3-dimethylmaleic anhydride-
modified poly(L-lysine) on its surface, the hydrolysis of amide linkages between amines
and DMA occurred at acidic pH, while at physiological pH, amide bonds remained stable.
The main enzymes responsible for amide hydrolysis are serine and cysteine hydrolases [25].
Ester linkages are generally easy to hydrolyze and the esterases play a major role in their
enzymatic degradation. Furthermore, esterase hydrolysis represents an interesting poten-
tial strategy for targeted therapy of cancers that overexpress esterases, or which express
esterases with different specificities [26,27]. Kurtoglu et al. compared ibuprofen release
profiles from ester- and amide-bonded conjugates of the PAMAM G4 dendrimer and found
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that while the hydrolysis of ester bonds was pH-dependent, the amide conjugates were very
stable at all pH buffers, suggesting the drug release to be caused by enzymatic cleavage [28].

We have previously used biotinylated and glucoheptoamidated 3rd generation poly(ami
doamine) dendrimer (PAMAM G3) to covalently attach oM by amide bond (G3128"2B5M) 9]
and demonstrated that drug coupling with the non-toxic vehicle significantly increased
its cytotoxicity and improved other biological activities, such as pro-apoptotic and anti-
proliferative in vitro, as well as nematocidal in vivo. The goal of this paper was the design,
synthesis and characterization of three biotinylated and glucoheptoamidated PAMAM
G3 dendrimer conjugates: (i) with ester-linked M (G38h2B5M) (ij) with ester-linked V
(G38M4B5V) and (iii) with amide-linked V (G3'28"2B5V) and investigation of the influence
of their size, zeta potential, and the type of chemical bond between drugs and carrier
on their biological activity in vivo and in vitro. Biotin was used as a targeting agent, in
view of certain cancer cells having been demonstrated to overexpress biotin receptors and
transporters [30]. Moreover, biotinylation of PAMAM dendrimers significantly increases
cellular uptake and accumulation of these nanoparticles compared to non-biotinylated
ones [31-34]. Biotinylation allows also PAMAM dendrimers to cross the blood-brain
barrier more effectively, which is essential in the treatment of central nervous system
tumors, for example, gliomas [35]. Glucoheptoamidation was performed to increase the
conjugate solubility and block the amine groups present on the dendrimer surface that
are responsible for the cytotoxicity of the native PAMAM G3 dendrimers [36]. The NMR
and DLS analyses of the obtained conjugates were performed. The anti-cancer activity of
conjugates was studied on human grade IV glioma cells (U-118 MG), human squamous
carcinoma cells (SCC-15), compared to normal human fibroblasts (BJ). Caenorhabditis elegans
nematode, widely used in nano-sciences to study genotoxicity, neurotoxicity and impact
on reproduction [37], was used to study nematocidal activity in vivo.

2. Materials and Methods
2.1. Reagents

a-Mangostin («M, purity > 98% (HPLC)) was purchased from Aktin Chemicals, Inc.
(Chengdu, China) and vadimezan (V, DMXAA, purity > 98%) was obtained from DC Chem-
icals (Shanghai, China). Ethylenediamine, methyl acrylate, D-glucoheptono-1,4-lactone
(GHL), succinic anhydride (SucAnh), 2-chloro-1-methylpyridinium iodide (Mukaiyama
reagent), 4-dimethylaminopyridine (DMAP), biotin, dimethyl sulfoxide (DMSO) and other
reagents used in chemical syntheses were provided by Merck KGaA (Darmstadt, Germany).
Spectra/Por® 3 RC dialysis membrane (cellulose, MW o = 3.5 kDa) was purchased in
Carl Roth GmbH & Co. KG (Karlsruhe, Germany).

2.2. Biochemical Reagents, Cell Lines and Materials

Human cancer cell lines: glioblastoma (U-118 MG) and squamous cell carcinoma (SCC-
15), human normal fibroblast cell line (BJ), Eagle’s Minimum Essential Medium (EMEM)
and fetal bovine serum (FBS) used for supplementation of this medium were obtained
from the American Type Culture Collection (ATCC, Manassas, VA, USA). Dulbecco’s
Modified Eagle’s Media (DMEM and DMEM/F-12) and fetal bovine serum (FBS) were
purchased from Corning Inc. (New York, NY, USA). Penicillin and streptomycin solution,
phosphate-buffered saline (PBS) with and without magnesium and calcium ions, and
Hoechst 33,342 were provided by Thermo Fisher Scientific Inc. (Waltham, MA, USA).
Trypsin-EDTA solution, hydrocortisone, 0.33% neutral red solution, XTT sodium salt,
phenazinemethosulfate (PMS), 0.4% trypan blue solution, dimethylsulfoxide (DMSO) for
molecular biology, 5-Fluoro-2’-deoxy-uridine (FUdR), and other chemicals and buffers were
purchased from Merck KGaA (Darmstadt, Germany). Cell culture dishes and materials
were from Corning Inc. (New York, NY, USA), Greiner (Kremsmdiinster, Austria), or Nunc
(Roskilde, Denmark). All reagents used to culture and synchronize C. elegans nematodes
were supplied by Sigma-Aldrich (Saint Louis, MO, USA) or Carl Roth GmbH & Co. KG
(Karlsruhe, Germany).



Pharmaceutics 2022, 14, 606

4 0f 21

A OH
0= .
NH, + e Trat
od 50°C,3h
Ho'  OH

2.3. Syntheses of Dendrimer Conjugates with Ester-Bonded Biotin and a-Mangostin or Vadimezan
2.3.1. Synthesis of Fully Glucoheptoamidated PAMAM G3

PAMAM G3 dendrimer was obtained according to Tomalia’s protocol [38] and was
converted into fully glucoheptoamidated derivative G3%28" by reaction with an excess
of a-D-glucoheptono-1,4-lactone (GHL) in DMSO (Scheme 1A) as described earlier [39]
on a scale of 95 pumoles. Thus, the PAMAM G3 (661 mg, 95.6 umoles) was dissolved
in 5 mL of DMSO. To this solution a two-fold excess of GHL (1273 mg, 6118 pmoles)
was added in portions with vigorous stirring. The mixture was heated at 50 °C for 12 h,
transferred to a dialytic bag and dialyzed for 3 days against water. Water was removed by
vacuum rotary evaporation and a solid residue was dried overnight under high vacuum
(2 mbars). The final product (G38") was obtained in 35.4% yield (459 mg, 33.83 pumoles,
MW = 13,568 g mol~!). This compound was then used as a core dendrimer to attach
covalently biotin and a-mangostin or vadimezan via ester bonds. Five umoles of G38h
were used as stock solution (12.7 mM in water) for biological studies to evaluate the
cytotoxicity of the dendrimeric nanocarrier.

Z-TI
i

32

GHL g3

o]
SucAnh M aM-Suc

Scheme 1. The conversion of (A) PAMAM G3 dendrimer into fully glucoheptoamidated derivative
G38M and (B) a-mangostin into carboxy-terminated derivative «M-Suc using succinic anhydride.

2.3.2. Synthesis of Biotinylated G38"—a«-Mangostin Conjugate

The a-mangostin («M) was converted into a 6-succinate derivative with succinic
anhydride (Scheme 1B) as it was performed previously [39].

46.3 mg (112 umoles) of xM was dissolved in 2 mL of DMSO and then succinic anhy-
dride (17 mg, 168 umoles) was added. The solution was heated at 60 °C for 2 h and used
later to conjugate «M to dendrimer as follows: to the G38 dendrimer (300 mg, 22 pmoles)
solution in 2 mL of DMSO, 11 mg of biotin (44 umoles) was added followed by dropwise
addition of «M-Suc in DMSO. Then, DMAP (57.2 mg, 468 pmoles) and Mukaiyama reagent
(59.8 mg, 234 umoles) were added and the mixture was heated at 50 °C for 18 h. After-
wards, the solution was transferred into a dialytic tube (cellulose, MW 0t = 3.5 kDa) and
dialyzed for 3 days against water (six times 3 L). Water was removed by rotary evaporation
and remained solid was dried under high vacuum for 12 h. 201 mg of final product was
obtained and dissolved in 2.5 mL of DMSO-ds. The product was identified by 'H-NMR
spectroscopy as G32"?E°M and stored as a stock solution of 4.9 mM concentration. The
isolated yield of the product was 55.5% (12.2 umoles, MW, = 16,451 g mol ).

Analytical data:

'H NMR (DMSO-dg): chemical shift [ppm] (intensity, multiplicity, assignment):
G38h2B5M (for atom numbering see Scheme 2, for spectrum see Figure 1B): 13.73 ([5H], s,
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1'™); 6.79 ([5H], s, 5M); 6.34 ([5H], s, 4M); 5.15 ([10H], overlapped t, 12M, 17M); 3.99 ([10H],
m, 11M); 3.69 ([15H], s, 7’M); 3.19 ([10H], 16M); 1.69 ([60H], overlapped s, 14M, 15M, 19M,
20M); PAMAM G3 resonances: 7.93 ([60+32H], m, NH(G3)); 3.13-2.20 ([484H], CH,(G3));
biotin resonances: 6.48 and 6.40 ([4H], s and s, 108 and 11B); 4.29 and 4.12 ([4H], s and s,
8B and 9B),' glucoheptoamide OH resonances: 5.62, 5.07-4.16 (overlapped s, Oth); CH,
resonances: 3.94 ([32H], bm, 28"); 3.86 ([32H], bm, 48"); 3. 69 (m, 38" overlapped with 7/ My.
3.60-3.30 ([128H], overlapped s and m, 5-78"). For detailed peak assignments see COSY
spectrum (Figure S1, Supplementary materials), HSQC/HMBC combined spectra (Figure
S2), and Table S1.

H OH OH OH
o 1 =
908 bl
H3zC 0] 32
CH3 o

Vadimezan O©OH

10 1
2 4
H H OH OH OH OH OH OH
# 6 4 2 H H i 1 .- 7
7 .0 N N 1 4.8 OH
w ;

Mukaiyama reagent,
(2) DMAP
DMSO, 50 °C, 18 h

o}
HN)LNH
H H
OH
| '/_\ 5 U/\/Y
0]
Biotin

or

OH OH © )
_b " o

Scheme 2. Synthesis of PAMAM G38" dendrimer conjugates with a-mangostin (1) or vadimezan (2),
and biotin attached via ester bond: (1) G38"2BM (a; =5,a, =0, b = 2, ¢ = 25), (2) G38MB5V (4, = 0,
ap=5,b=4,c=23).

2.3.3. Synthesis of Biotinylated G38"—Vadimezan Conjugate

The G38" dendrimer (172 mg, 12.7 pmoles) was dissolved in 3 mL of DMSO. In this
solution, vadimezan (20.0 mg, 76 umoles) and biotin (18.6 mg, 76 umoles) were dissolved.
Then DMAP (74.4 mg, 608 umoles) was added followed by stepwise addition of Mukaiyama
reagent (77.8 mg, 304 pumoles) into solution and heated at 50 °C for 18 h. The mixture
was placed in a dialytic bag (cellulose, MW 05t = 3.5 kDa) and dialyzed against water
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for 4 days (8 times 3L). Water was evaporated at 50 °C and remaining solid (71 mg) was
dissolved in 650 uL. DMSO-dg. The 'H NMR spectrum was taken at room temperature and
the average stoichiometry of conjugate was determined based on integral integration of
biotin (B) and vadimezan (V) resonances versus G38" reference resonances (vide infra), as
G38MB5V_ The concentration of G38MB5V in DMSO-dg was 6.9 mM. The isolated yield of
the product was 35% (71 mg, 4.5 pmoles, MW, = 15,795 g mol1).

Analytical data:

'H NMR (DMSO-dg): chemical shift [ppm] (intensity, multiplicity, assignment):
G38MB5V (for atom numbering see Scheme 2, for spectrum see Figure 2B): 8.20-7.72 ([75H],
m, NH(G3)+1,8,3"); 7.38 and 7.26 ([10H], overlapped t and d, 2V and 7V); 2.37 ([30H],
overlapped, 14V,15V); biotin resonances: 6.46 and 6.40 ([4H] and [4H], overlapped s, 10B
and 11B); 4.31 and 4.13 ([4H] and [4H], 8B and 9B); 2.82 and 2.78 ([4H] and [4H], 6B and 7B);
2.05 ([8H], 28); 1.56-1.29 ([24H], overlapped m, 3B, 48, 58); ¢h OH resonances: 5.60 ([32H], s,
2/8h); 4.86 ([32H], s, 3/8"); 4.54-4.43 ([128H], m, 4’-7'8"); gh CH, resonances: 3.94 ([32H], bs,
28h): 3.85 ([32H], bs, 48M); 3.69 ([32H], bs, 38"); 3.58-3.43 ([128H], m, 58", 68", 78M); PAMAM
G3 CH,; broad resonances: 3.13-2.19 ([484H], CH,(G3)).

For detailed peak assignments see COSY spectrum (Figure S3), HSQC/HMBC combined
spectra (Figure S4), and Table S1. For comparison the vadimezan spectrum (Figure 2A) was
recorded and the resonances were assigned based on 2-D COSY and HSQC/ HMBC spectra:
8.09 ([1H], d, 1V); 7.92 ([1H], d, 8V); 7.79 ([1H], d, 3Y); 7.41 ([1H], t, 2V); 7.30 ([1H], d, 7V);
3.98 ([2H], s, 16Y); 2.41 ([6H], overlapped s, 14,15V).

2.4. Syntheses of Dendrimer Conjugates with Amide-Bonded Biotin, GHL and a-Mangostin
or Vadimezan

The detailed synthetic pathway of biotinylated and half-glucoheptoamidated den-
drimer PAMAM G3 with a-mangostin (G328128hM) and its chemical characterization were
described previously [29].

Synthesis of Biotinylated and Half-Glucoheptoamidated G3 with Vadimezan

Vadimezan (53 mg, 188 umoles) and biotin (23 mg, 94 umoles) were dissolved in
4 mL of DMSO. To this solution 51.7 mg (423 pmoles) of DMAP and 72 mg (282 pmoles)
of Mukaiyama reagent were added, stirred until completely dissolved, and left at room
temperature for 1 h. This mixture was added dropwise to a PAMAM G3 dendrimer (216 mg,
31.3 umoles) solution in 2 mL of DMSO, followed by heating at 50 °C for 18 h. The reaction
mixture was worked-up by dialysis, evaporation of solvent, and drying under high vacuum
as before. The obtained solid was slightly soluble in DMSO. The 'H-NMR analysis allowed
us to identify the product as G3?®°V and the isolated yield was 35.5% (87 mg, 11.1 umoles,
MW =7810 g mol ). Finally, glucoheptoamidation of the remaining amine groups was
performed by reaction of G3?8%V with GHL (Scheme 3). Thus, to G3?%°V solution (87 mg,
11.1 pmoles) in 2.25 mL of DMSO-dg, GHL (28 mg, 133.6 pmoles) was added stepwise with
vigorous stirring at RT. The product became soluble in DMSO. The 'H-NMR measurement
was performed and allowed the determination of average stoichiometry of the conjugate
as G3?B128h5V Based on a calculated average molecular weight (MW, = 11,306 g mol 1)
the stock solution of this conjugate was estimated as 3.3 mM.

Analytical data:

'H NMR (DMSO-dg): chemical shift [ppm] (intensity, multiplicity, assignment):
G32B12805V (for atom numbering see Scheme 3, for spectrum see Figure 2C): 8.20-7.69
([73H], m, NH(G3)+1,8,3V); 7.33 ([10H], overlapped t and d, 2V and 7V); biotin resonances:
6.46 and 6.40 ([2H] and [2H], overlapped s, 108 and 11B); 2.05 ([4H], 2P); 1.61-1.29 ([12H],
3B, 4B, 58B); gh OH resonances: 4.43-4.28 ([36H], m, 2/-4/ ghy; gh CH; resonances: 3.87-3.71
([36H], m, 2—4gh); 3.58-3.37 ([48H], m, 5-7gh); PAMAM G3 CH, broad resonances: 3.09-2.20
([484H], CH,(G3)).
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Mukaiyama reagent, 7

HO
OH \.’&
DMSO HO g 0
RT

- s

DMSO, 50°C, 18 h

Biotin

OH
GHL

Scheme 3. Synthesis pathway of PAMAM G3 dendrimer substituted with vadimezan, biotin and
«-D-glucoheptono-1,4-lactone attached via amide bond: G32B12gh5V (a=5,b=2,¢c=13,d=12).

2.5. NMR Spectroscopy

The 1-D 'H and *C NMR spectra and 2-D 'H-!H correlations spectroscopy (COSY),
'H-13C heteronuclear single quantum correlation (HSQC), and heteronuclear multiple bond
correlation (HMBC) spectra were obtained with Bruker 300 MHz instrument (Rheinstetten,
Germany) at the University of Rzeszow (College of Natural Sciences).

2.6. Conjugates Size and { Potential Measurements

{ potential and size of G38"?85M  G3128h2B5M  G38h4BSV ang G3128h2B5V were esti-
mated with the dynamic light scattering technique at pH 5 (0.05 M acetate buffer) and
pH 7 (water) using the Zetasizer Nano instrument (Malvern, UK). Measurements were
performed for 1 mg/mL samples (0.06-0.1 mM solutions).

2.7. Biological Studies
2.7.1. Cell Cultures

Human cancer cell lines: U-118 MG (glioblastoma multiforme, grade IV) and SCC-15
(squamous cell carcinoma) were grown in DMEM and DMEM/F-12 with hydrocortisone
(400 ng/mL), respectively. Normal human skin fibroblasts (B]) were cultured in EMEM.
Growth media were supplemented with heat-inactivated 10% FBS and 100 U/mL penicillin
and 1% streptomycin solution. Cells were cultured at 37 °C in a humidified 95% air/5%
CO, with growth media changed every 2-3 days. Cells were passaged at 75%—-85% con-
fluence using 0.25% trypsin—-0.03% EDTA in PBS (calcium and magnesium ions free). The
morphology of cells was observed under a Nikon TE2000S Inverted Microscope with phase
contrast (Tokyo, Japan). The number and viability of cells were estimated by a trypan
blue exclusion test using an Automatic Cell Counter TC20 (BioRad Laboratories, Hercules,
CA, USA) or a Neubauer chamber. All assays were performed in triplicates in three in-
dependent experiments. The working solutions of the synthesized dendrimer conjugates
and the drugs alone were prepared from stock solutions in cell culture media with an
adjusted concentration of DMSO. Control samples with non-treated cells in a complete
culture medium with adjusted DMSO concentration were included in all biological tests.

2.7.2. Cytotoxicity

The cytotoxicity of «M, V, and their conjugates with PAMAM G3 modified dendrimer
(G38h2B5M  G32B12gh5M | 538h4B5V 5nq (G32B128h5V) was examined with neutral red (NR)
uptake assay or XTT reduction assay. BJ, U-118 MG and SCC-15 cells were seeded in flat,
clear bottom 96-well plates in triplicate (100 pL of cell suspension/well) at a density of
1 x 10% cells/well and left for 24 h to attach. Then, culture medium was removed and cells
were incubated in 37 °C with 100 puL of working solutions of aM, V, G38"2E5M  G32B12ghsM
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G38MB5V or G32B12805V for 48 h. After that, NR or XTT assays were performed as earlier
described [31].

2.7.3. Proliferation

Cells proliferation was estimated using Hoechst 33,342 staining. BJ, U-118 MG and
SCC-15 cells at a density of 5 x 103 /well were seeded into 96-well plates and incubated
for 24 h at 37 °C to attach. Then, following the culture medium removal, cells were
incubated with 100 uL of working solutions of the studied drugs or dendrimer conjugates
for 72 h. Afterwards, plates were centrifuged (5 min, 700 g) and the working solutions of
studied compounds removed. Cells were fixed in 3.7% formaldehyde solution in PBS for
10 min at room temperature and again centrifuged followed by staining with 1 pg/mL
Hoechst 33,342 solution in PBS (100 pL, 1 h). The fluorescence signal was measured using
Tecan Infinite M200 PRO Multimode Microplate Reader (TECAN Group Ltd., Médnnedorf,
Switzerland) at 350/461 nm.

2.7.4. Toxicity to Caenorhabditis elegans and the Worm Survival Analysis

Caenorhabditis elegans nematodes (wild type strain N2, variety Bristol) were cultured
at 20 °C on NGM agar plates with E. coli OP50 lawn as a food source [40]. Worm survival
analysis was performed as described in [29].

2.7.5. Statistical Analysis

In order to estimate the differences between treated cells and non-treated control
groups, statistical analysis was performed using the non-parametric Kruskal-Wallis test
due to the lack of a normal distribution of the data. To determine the statistically significant
differences between the ester conjugate-treated group (G38"?%"™ or G38MB5V) against the
amide conjugate-treated group (G3%8128hM or G32B128h5V) 3 Mann-Whitney U test was
applied (p < 0.05 was considered statistically significant). The survival curves of C. elegans
nematodes were presented in a plot of the Kaplan—Meier estimator. Gehan’s Wilcoxon
test was used to assess statistically significant differences (with p < 0.05) between treated
and non-treated control nematodes. All analyses and calculations were performed with
Statistica 13.3 software (StatSoft Poland, Cracow).

3. Results and Discussion
3.1. Syntheses and Characterization of Dendrimer Conjugates

The PAMAM G3 dendrimer was converted by exhaustive glucoheptoamidation with
GHL as described before [39] to obtain G38" (Scheme 1A). This 2 nm sized dendrimer
was then used as a core to attach oM or V and biotin (B). The xM was modified by ester
attachment of succinyl linker («M-Suc) via 6-O (Scheme 1B) as was determined before [39].
At the step of conjugate formation, the carboxyl groups of «M-Suc or V, and B were
activated efficiently with Mukaiyama reagent (2-chloro-1-methylpyridinium iodide) in
the presence of 4-(dimethylamino)pyridine (DMAP), enabling further reaction with the
G38" core hydroxyl groups. Mukaiyama reagent is commonly used for synthesis of esters,
lactones, amides and ketenes, causing activation of hydroxyl groups of carboxylic acids and
alcohols [41]. The products were isolated by extensive removal of low molecular reagents
and side-products by dialysis and were characterized by NMR spectroscopy and DLS. The
synthesis pathway and conjugate formula with atom numbering are presented in Scheme 2.

The 'H NMR spectrum of G38" dendrimer conjugated with «M and biotin via ester
bonds is presented in Figure 1B compared to «M alone (Figure 1A) (both measurements
were performed in DMSO-dg).
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Figure 1. The 'H NMR spectra of a-mangostin (A) and G38"?5°M conjugate (B) in DMSO-dg. The
residual solvent peak at 2.5 ppm and impurity resonances are marked with asterisks *. The PAMAM
G3 core dendrimer resonances are labeled as CH,(G3) and NH(G3) in spectrum B. The resonances of
a-mangostin, biotin, and glucoheptoamide are labeled by locants with M, B, and 8" upper indexes,
respectively, according to the atom numbering in Scheme 2. The 1A spectrum was taken from [29].

Additional 2-D COSY, HSQC and HMBC measurements were performed
(Figures S1 and S2) and allowed for detailed assignments of 'H and '3C resonances (Table
S1). The number of attached residues of M and B to G38" dendrimer was estimated based
upon the integral intensity of «M aromatic protons (5M at 6.79 ppm and 4M at 6.34 ppm)
and one free hydroxyl proton (1'M at 13.73 ppm) resonances, and B resonances (108 and 117
at 6.48 and 6.40 ppm) in relation to the reference intensity of by_s protons resonance from the
dendrimer core, namely [120H] (for detailed assignment of protons from internal PAMAM
G3 arms see Figure 2 in [29]). The averaged final product was identified as G38"?%™  In its
'H-NMR spectrum, the characteristic resonances of oM protons are observed and retained
the same chemical shifts as resonances of protons recorded in «M alone. Proton resonances
from 3™ and 6'M hydroxyl groups were not detected, while singlet resonance at 13.73 ppm
corresponding to the third hydroxyl group proton (1’M) was found. It suggests that either
of the 3’ and 6’M protons participate in bonding to G38" dendrimer.

The 'H NMR spectrum of G38" conjugated with vadimezan and biotin is shown in
Figure 2B in comparison with vadimezan (Figure 2A) (both in DMSO-d), while detailed
NMR spectral assignments were performed by 2-D COSY, HSQC, and HMBC measure-
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ments as presented in Figure S3 (COSY) and Figure 54 (combined heteronuclear Hg-13C
HSQC/HMBC) with Table S1.

A *
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|
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Figure 2. The IH NMR spectra of vadimezan (A), G38M4B5V (B) and G32B128h5V () conjugates in
DMSO-dg. The residual solvent peak at 2.5 ppm is marked with asterisks *. The PAMAM G3 core
dendrimer resonances are labeled as CH,(G3) and NH(G3) in spectrum B and C. The resonances
of vadimezan, biotin, and glucoheptoamide are labeled by locants with V. B and gh upper indexes,
respectively, according to the atom numbering in Schemes 2 and 3.

The stoichiometry of conjugate was determined by a comparison of integral intensity
of V aromatic proton resonances 2V and 7V) at 7.50-7.15 ppm, and B resonances (108 and
118 at 6.50-6.35 ppm) versus CH;(bg.3) PAMAM G3 core resonance centered at 2.20 ppm
([120H]); additional intensity comes from 4 biotin CH; multiplet identified in COSY (Figure
S3, cross-peak q). The average conjugate was identified as G38MB5V. Only 2V and 7V
aromatic protons resonances were recorded as isolated signals, while the remaining signals
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of vadimezan protons are overlapped by resonances of dendrimer and gh protons. 2-D
COSY, HSQC and HMBC measurements allowed for detailed assignment of each signal. It
is worth noting that within glucoheptoamide residues the CH resonances were identified
unambiguously (in COSY cross-peak j is between 28" and 38"), while scalar couplings
within hydroxymethylene groups HO-C-H were observed (cross-peaks e, f, h, and g in
COSY experiment, see Figure S3), which enabled to combine vicinal OH and H in gh
residues (Table S1).

PAMAM G3 dendrimer conjugate with amide-bonded vadimezan, biotin, and GHL was
synthesized to compare its activity with that of the «M dendrimer conjugate (G328128h5M)
obtained and described earlier [29]. As in the synthesis of the ester conjugates described
above, Mukaiyama reagent was also used in the synthesis of the amide conjugate with
V. In this procedure, native PAMAM G3 was used as a conjugate core. In the presence of
Mukaiyama reagent and DMAP, amine groups from the dendrimer surface were able to
react with carboxyl groups of V and B. The intermediate product, isolated by dialysis and
characterized by NMR spectroscopy, was identified as G3?5%V and further converted into
half-glucoheptoamidated derivative by the substitution of half of the remaining amine
groups with GHL. The synthesis pathway and conjugate formula with atom numbering
are presented in Scheme 3. The 'H NMR spectrum of the conjugate in DMSO-d; is shown
in Figure 2C. The stoichiometry of the conjugate was estimated in the same way as de-
scribed above for ester-bonded vadimezan conjugate and allowed us to identify product
as G32B12gh5V_

The conjugates were obtained in rather low yield (<55%) due to compromising it
against the high purity reached by extensive dialysis.

3.2. Size and { Potential of Dendrimer Conjugates

DLS measurements were performed to determine the size and zeta potential of
the synthesized conjugates. Obtained values are collected in Table 1 and illustrated in
Figures S5 and S6.

Table 1. Size of conjugates averaged by volume (d(V)) and by number of molecules (d(N)) and zeta
potential values + standard deviation determined by DLS analysis.

Size [nm] Zeta Potential [mV]
Compound H7 H5
P P P pH7 pH5
d(v) d(N) d(v) d(N)

G3sgh 1.7 £0.44 1.5+ 0.51 4.3+ 0.34 3.6 +0.32 4.5 + 0.58 5.3 4+0.81
G38h2B5M 155.1 + 3.46 113 +£5.89 212.7 £4.29 144.5 + 6.49 10 £ 0.39 249 + 1.78
G32B12ghsM [29] 1367 £ 245.7 1262 + 196.4 178.3 £5.73 113.8 +7.34 22.7 +1.01 3754232
G38h4B5V 3.74+0.23 2.9 4+ 0.56 49+ 0.14 4.2 +0.18 7.6 +£4.35 6.2 +0.81
G32B12gh5V 1166 £ 153 970.4 + 81.6 1090 + 39.2 924.4 + 39 22.8 + 0.69 33.4 +2.82

The dynamic diameter of G38" in an aqueous solution is 1.5 nm (averaged by number)
or 1.7 nm (averaged by volume), which is nearly two-fold smaller than diameter of the
native PAMAM G3. In the acidic environment (pH 5) the diameter of G38h increases
to 3.6 nm (d(N)) or 4.3 nm (d(V)) upon protonation of internal tertiary amine groups,
which was observed earlier for the series of G3 substituted with variable amount of gh
residues [42]. Slightly higher dynamic diameter of G38MB5V conjugate, equal 2.9 nm (by
number) or 3.7 nm (by volume) in water and 4.2 nm (d(N)) or 4.9 nm (d(V)) in pH 5,
indicates that this conjugate is dispersed at unimolecular level. The other conjugates were
associated both in pH 7 and pH 5, with the strongest effect observed for G3?8128h°M and
G32B128h5V The molecules of the ester conjugate G38"?55M also associate but particle size is
10 times smaller than that of the amide G32B128"M analogue. However, the particle size of
G32B128h5M ya5 reduced by seven times upon a pH decrease from 7 to 5. This effect can be
attributed to the presence of ca. 12 free amine groups in the G3?8128"°M conjugate which are
readily to protonate, while amine groups in ester conjugate are fully glucoheptoamidated.
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All studied conjugates have positive zeta potential. For conjugates with small molec-
ular size, G38" and G38MB5V zeta potential values are <10 mV and increase with the
conjugates diameter up to 33.4 mV and 37.5 mV for G3%8128h5V and G32B128hM  regpec-
tively. It is also worth noting that amide conjugates, G32B128h5M and G32B128h5V have
comparable zeta potential and particle size but they differ in biological activity (vide infra).
Due to the fact that the cell membrane is negatively charged, nanoparticles with positive
net charge have a greater ability to enter and penetrate cells [43].

3.3. Cytotoxicity

The NR and XTT assays revealed that vadimezan (V) after 48 h incubation showed
no cytotoxic effect against any studied cell line (BJ, SCC-15 and U-118 MG) up to 200 uM
concentration (Table 2). Vadimezan is a Vascular Disrupting Agent (VDA) whose anticancer
action, based mainly on an irreversible destruction of established tumor vessels and tumor
blood flow arrest, has been observed mainly in the endothelial cells where it induced
apoptosis [14]. However, the present results do not indicate V to lower viability of cells,
including epithelial cancer cells (SCC-15). Our results are consistent with other, pointing to
the drug’s selective toxicity against vascular endothelial cells. Using the MTT assay, Zhang
et al. [44] showed that V did not disturb the mitochondrial metabolism of any of ten cell
lines (Ishikawa, A549, Bewo, HeLa, Siha, MCF-7, HL-60, BEL-7402, NCI-460, BGC-823)
after 48 h incubation. Lv et al. [45] also found free V (up to 35.4 uM) to be non-toxic to
breast carcinoma MCEF-7 cells, lung carcinoma A549 cells and mouse embryo fibroblast
NIH/3T3 cells after 48 h treatment. Only human vein umbilical cell (HUVEC) growth was
demonstrated to undergo inhibition by vadimezan (ICsy > 20 uM) [44]. On the other hand,
the delivery of nanoparticles (mPEG-b-PHEA) conjugated with V and encapsulated with
DOX resulted in cytotoxicity to both tumorous and nontumorous cells. Furthermore, those
nanoparticles equipped with V and DOX showed a similar inhibition of cells proliferation
to free DOX [45].

Table 2. The half maximal inhibitory concentration (ICs) values estimated with NR and XTT assay
after 48 h incubation of BJ, U-118 MG and SCC-15 cells with «M or V, each used either as a free drug
or the dendrimer conjugate. The ICs values were calculated with AAT Bioquest ICsq calculator [46].

ICso [uM] NR Assay

BJ U-118 MG SCC-15
a-mangostin [2] 8.97 9.59 6.43
G38h2B5M 2.02 2.52 1.7
G32B128h5M [79] 2 1.83 1.41

Vadimezan >>200 >>200 >>200
G38hB5V >>24 >>24 >>24
G32B12gh5V >>12 >>12 >>12

ICsp [uM] XTT Assay

BJ U-118 MG SCC-15
a-mangostin [2] 18.58 18.15 7.72
G38h2BsM 3.36 4.14 3.02
G32B12gh5M [79] 2.37 2.05 252
Vadimezan >>200 >>200 >200
G38h4B5V >>24 >>24 >>24
G32B12gh5V >>12 >>12 >>12

The anticancer activity of xanthones depends on the type, number, and position of
the attached functional groups in their skeleton [47]. Anticancer activity of «M seems
to depend on the presence of two isoprenyl groups localized on 2-nd and 8-th carbon
in xanthenone ring [29], not present in vadimezan. Castanheiro et al. [48] showed that
the introduction of the prenyl group to the 1-hydroxyxanthone markedly increased its
anticancer activity against the MCF-7 cell line, in accordance with the presence of prenyl
groups being associated with an improvement of potency and selectivity of xanthones [49].
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At present, prenylated xanthones are the most valued xanthones, in view of their promising
properties as active and selective anticancer agents [47].

The present results reflect an attempt to increase the anti-tumor activity of V and
oM by covalent binding the drugs to biotinylated PAMAM G3 dendrimers, demonstrated
previously to be effective in this respect [50]. Cytotoxicity assays revealed that vadimezan
attached to biotinylated and glucoheptoamidated PAMAMs did not exert any significant
inhibitory activity (up to 24 uM G38MB5V or 12 WM G32B128h5V after 48 h incubation (Table 2,
Figures 3 and 4). It should be added that the latter observation provided additional evidence
that the applied V vehicles do not show biological activity (cf. Figure S7 for G38" and [29]
for G32B128h Of note is (Figures 3 and 4) that 4-12 uM G3%B128h5V Jowered SCC-15 cell
viability down to 80% (apparent only in the XTT assay) and 2-12 pM G38"B5V increased
BJ cell viability by 25-40% (apparent only in the NR assay). This effect might be caused by
changes in cell proliferation rate, as discussed below.

NR
120 BJ U-118 MG SCC-15
110 .G3gh2B5M .G3gh285M .nghZBSM
5503 |_‘ .G323129h5M 1 BG 3231zgh5M1 BG 3231zgh5M1
* 75%
30 @Median
- 32 = F* ﬂ 25%
§ 60 z
% 50 *
X 40

1 2 3 4 0 0.5 1 2 3 4 0 0.5 1 2 3 4
Concentration [uM]

150 .G3gh4B5V
.G3ZB1 2ghsvV
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o]
o

L .G3gh4B5V .G39h4B5V
* ’_l .632B1zgh5v .G3ZB12gh5V
4 8 12 0 2 4 8 12 0 2 4 8 12

Concentration [uM]

Figure 3. Cytotoxic effect of dendrimers conjugated via ester or amide bond with oM (G38"?55™ and
G32B128h5M)y and V (G38MB5Y and G32B128h5V) 4fter 48 h of incubation with normal fibroblasts (BJ),
glioblastoma cells (U-118 MG), and squamous carcinoma cells (SCC-15), estimated with the NR assay.
Cell viability (expressed as percent of the non-treated control) medians are plotted. The whiskers
are lower (25%) and upper (75%) quartile ranges. * p < 0.05; Kruskal-Wallis test (against non-treated
control), I p < 0.05; Mann-Whitney U test (ester against amide-attached drug-conjugate). 1 Data for
G32B128h5M yyere reproduced from [29].
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Figure 4. Viability of normal fibroblasts (B]), glioblastoma cells (U-118 MG) and squamous carci-
noma cells (SCC-15) after 48 h of incubation with G38h2B5M  (532B12ghSM  (538h4B5V 4 g (G32B128h5V,
assessed by XTT assay. Cells viability (expressed as percent of the non-treated control) medians are
plotted. The whiskers are lower (25%) and upper (75%) quartile ranges. * p < 0.05; Kruskal-Wallis
test (against non-treated control), J p < 0.05; Mann-Whitney U test (ester- against amide-attached
drug-conjugate). ! Data for G3?81285M were reproduced from [29].

The activity of «M increased significantly after attaching it to the studied carriers.
The action of conjugate G3%8128185M yyas slightly stronger than G38"?5°M with an ICs of
approx. 1.4-2 uM (NR assay) and 2-2.5 uM (XTT assay) for all studied cell lines. The largest
differences were observed in glioma cells, where G3%8128h5M acted two-fold stronger than
G38h2B5M "Moreover, the strongest effect of both conjugates was still observed in SCC-15
cells (Table 2, Figures 3 and 4).

The greater effect of an «M-amide conjugated dendrimer may result from the fact
that it has free amino groups responsible for the cytotoxic effect. As it was presented
in Section 3.2. the zeta potential of the G3?8128"5M conjugate was higher than that of
G38h2B5M Tt could be the reason of a higher activity of the former, since dendrimers with
higher zeta potential and surface charge indicate higher cytotoxicity also in consequence
of more efficient cellular uptake [51,52]. An important issue is the mechanism of possible
enzymatic degradation of amide or ester bonds in conjugates with the participation of
lysosomal or other intracellular enzymes and the consequent release of attached drugs.
Kurtoglu et al. have shown that PAMAM dendrimer-ibuprofen conjugates with ester or
amide linkers differ in the degree of drug release. Amide and ester-linked conjugates were
very stable after 48 h of incubation in buffer. The ester-linked conjugates showed pH-
dependent release and the extent of release varied with pH from 3% (pH 5) to 38% (pH 8.5)
within a 10-day studied period. Moreover, direct amide- and ester-linked conjugates did
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not release ibuprofen enzymatically in cathepsin B buffer and diluted human plasma [28].
This means that the incubation time of both tested dendrimers (G3%B128h5M and G38h2B5M)
with cells in FBS containing medium was too short to observe significant differences in
the release of oM from the conjugates. This was also confirmed by the results of our
previous studies concerning the release of doxorubicin conjugated through amide linker
to glucoheptoamidated PAMAM G3 dendrimer [39]. Although ester bonds are generally
easy to hydrolyze (such as carboxylate ester bond), some ester structures, such as alkyl
esters, hydrolyze very slowly, even in the presence of esterase [27]. This could be the reason
of weaker activity of dendrimeric conjugates with ester-bonded oM. Quintana et al. [53]
and Thomas et al. [54] used, as a model drug, methotrexate (MTX), having two available
functional groups for conjugation, carboxylic and amine, in order to examine the effect
of the type of chemical bond on the conjugate activity. MTX conjugated to acetamide-
functionalized G5 PAMAM dendrimer through ester bond was found four times more
active than free MTX, whereas MTX conjugated via amide bonds to the same dendrimer
was less active compared to free MTX. However, in this case, changing the binding site of
the drug molecule may induce changes in its activity.

An important factor influencing the toxicity of nanoparticles is the efficiency and the
pathway they enter cells that depends on their size and charge. All studied conjugates
indicated positive charge on their surface. The smallest conjugates (G38" and G38B5V)
can probably enter cells through passive uptake, while slightly larger compound G3&"2B5M
(ca. 113 nm diameter) via clathrin-mediated endocytosis. In the case of G3?8128"°M and
G32B128h5V conjugates, the most possible route of internalization seems to be phagocytosis
and/or micropinocytosis (associates diameter ca. 1000-1300 nm) [55]. This phenomenon
requires further research.

3.4. Proliferation

There are no clear examples of the antiproliferative activity of vadimezan in the
available literature, which suggests that such properties were not observed at therapeutic
concentrations. One paper showed that the combination of tCoa-NGR fusion proteins
with V suppressed the growth and proliferation of B16-F10 melanoma tumors in C57/BL6
mice [56]. In our studies, V inhibited the proliferation of cancer SCC-15 cells from 100 uM
concentration and U-118 MG glioma cells from 200 uM, but not normal cells (Figure 5).
PAMAM G3 dendrimer, biotinylated and partially glucoheptoamidated with V bound via
amide linker (G32B128"5V) enhanced its anti-proliferative activity by as much as 50-fold.
This construct distinctly limited proliferation of SCC-15 and U-118 MG cells when applied
at concentrations 2 and 12 uM, respectively. This effect apparently was related to the
decrease of mitochondrial efficiency observed at 4-12 uM G3?8128h5V in SCC-15 and U-118
MG cells(Figure 4). Of note is that in normal BJ cells G3?B128"5V rather promoted cell
proliferation at 8 and 12 M concentrations (Figure 5), suggesting G328128h vehicle to be
responsible for this effect, as it significantly increased fibroblasts growth at the 5-20 uM
range of concentrations [29]. No effect was observed with the conjugate containing the
ester linkage (G38h4B5V)y, despite the fact that the 20 uM G38h vehicle itself showed a
weak anti-proliferative effect against SCC-15 cells (Figure S7, part C). The size and zeta
potential of the studied conjugates may be important factors influencing their properties,
as the G3?8128h5V  compared to G38M"B5V conjugate, showed higher activity and formed
associations with diameter at pH 7 being about 300-fold larger (about 1000-1200 nm vs.
2.90-3.7 nm). Thus, it may increase the polyvalence of conjugates, which is responsible for
their increased activity [57]. The size of the molecule and the presence of free amino groups
on the G3%B128h5V syrface corresponded to its 3-fold higher zeta potential, responsible for a
stronger toxicity of dendrimers [51]. However, it seems that this was a rather minor effect,
since this phenomenon was not seen in normal BJ fibroblasts (BJ cells are more sensitive to
high surface charge of dendrimers than SCC-15 cancer cells [58]).
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Figure 5. Anti-proliferative effect of G38h2B5M | (532B12gh5M  (538hdB5V  (532B128h5V o\f and V on
BJ, U-118 MG, and SCC-15 cells after 72 h of incubation, determined with Hoechst 33,342 staining.
Medians of the fluorescence signal (expressed as percent of the non-treated control), indicating the
cell number in a well, are plotted. The whiskers indicate lower (25%) and upper (75%) quartile ranges.
* p < 0.05; Kruskal-Wallis test (against non-treated control), J p < 0.05; Mann-Whitney U test (ester
against amide-attached drug-conjugate). 1> Data for G3%8128"M conjugate and oM were reproduced
from [2,29], respectively.

Unlike vadimezan, oM is a well-known anti-proliferative agent. The inhibition of
cell proliferation induced by «M led to G1-phase arrest and S-phase suppression in MDA-
MB231 human breast cancer cells with altering the expression of cell-cycle-related molecules,
such as p21CiP1, CHEK?2, cyclins, CDKs, and PCNA [59]. The GO/G1 phase arrest and the
G1 arrest caused by oM was also observed in four hepatocellular carcinoma (HCC) cell
lines [9] and human oral squamous carcinoma cells (OSCC) [60], respectively. In our study,
the proliferation of cancer cells (U-118 MG and SCC-15) and normal B]J fibroblasts was
studied after 72 h of incubation with each of the xanthones («M and V) and their dendrimer
conjugates. The results are presented in Figure 5 and demonstrate anti-proliferative activity
of M in the concentration range of 7.5-20 uM [2]. The strongest inhibition of proliferation
was observed for SCC-15 cells (reduction to 12% at 20 pM), slightly weaker for glioma cells
(reduction to 17% at 20 uM) and the weakest for normal fibroblasts (reduction to 49% at
20 pM).

Conjugation of biotinylated dendrimers with 5 residues of «M enhanced its anti-
proliferative activity against both cancer and normal cell lines, with the G38"?55M ester
conjugate acting slightly weaker (over 3-fold enhancement) than the G3%8128"M amide
conjugate (over 5-fold enhancement). The proliferation of SCC-15 cells underwent the
strongest inhibition by these two oM conjugates (almost no viable cells at 3 and 4 uM,
respectively). The latter effect was less pronounced in the case of normal cells (30% viable
cells at 3 uM G38"2B5M and 34% viable cells at 2 uM G32B128h5M) with glioblastoma cells
being the least sensitive (49% and 16% at 3 uM G38"255M and G32B128h5M regpectively).
The most significant difference in suppression of cell growth elicited by «M ester or amide
conjugates was observed with fibroblasts (74% and 33% viable cells at 2 uM G38"?55M and
G32B128h5M regpectively).
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3.5. Toxicity against C. elegans and the Effect on the Worm Survival

Biological activities of «M and V, used as free compounds or their dendrimer conju-
gates, were also evaluated with a model nematode, Caenorhabditis elegans, a cost-effective
and powerful model widely used for screening of bioactive compounds prior to be tested
with higher animals [37]. C. elegans has been previously used in studies on the toxicity of
drug-loaded nanoparticles, such as glibenclamide-loaded PVM/MA (poly(methylvinyl
ether-co-maleic anhydride)) nanoparticles for oral delivery purposes [61], insulin-loaded
PPA (PEG-polu(anhydride) conjugate) nanoparticles with the ability to mucus permeation
for the oral administration of insulin [62], and the toxicity of bare nanoparticles, for example,
zinc oxide nanoparticles (ZnO-NPs) [63] and gold nanoparticles (AuNPs) [64].

We used synchronized population of L4-stage nematodes to examine survivability
and general toxicity after 7 days of incubation with free «M or V, and with their dendrimer
conjugates: G38M2E5M  G32B128h5M | G38hdB5V  (G32B128h5V 4t different concentration ranges.
The results of worms’ survival are shown in Figure 6 and in Table 3 (LCs( values).
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Figure 6. The Kaplan-Meier survival curves of C. elegans after 7 days of incubation with aM, V,
(G38h2B5M | G32B128hSM | G3ghdBSV (o G32B128h5V  Results are presented as cumulative proportion
surviving. Statistically significant differences against dmso-treated control obtained in Gehan's
Wilcoxon test are marked with asterisks * (p < 0.05) in the colours corresponding to the tested

concentrations. 12 Data for «M and G32B128h5M conjugate were reproduced from [2,29], respectively.
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Table 3. The half maximal lethal concentration (LCsg) values estimated after 7 days incubation of C. elegans
nematodes with free M and V, or their dendrimer conjugates. Data are presented as medians with the
first and third quartile. Presented values were calculated with AAT Bioquest ICs calculator [46].

LCsp [uM] 1st Quartile 3rd Quartile
a-Mangostin [2] 18.74 18.64 20.23
G38h2B5M >16 >16 >16
G32B12gh5M 9] 7.87 4.95 8.09
Vadimezan >>200 >>200 >>200
G38h4B5V >>24 >>24 >>24'
G32B12gh5V >>12 >>12 >>12

Free V exhibited no toxicity against C. elegans up to 200 uM concentration with a
cumulative proportion surviving equal to 90%. The conjugation of V to the dendrimer
by either ester or amide bonds also did not increase its toxicity. On the other hand, «M
caused a toxic effect with the LCs value, the minimum being over 10 times higher than
that of V (comparing LCsg values). This confirms that the presence of prenyl residues in
aM structure has a significant influence on its toxicity in vivo. Substitution of «M with
biotinylated and glucoheptoamidated dendrimers via ester linker (G38"?5°M) increased
its toxicity only by 20%, while conjugate with amide-bonded oM (G32B128"5M) was more
active by 140% comparing to free oM (Table 3). Additionally, G38"?%5M conjugate showed
two-fold weaker activity than G3%8128"5M in the worm.

4. Conclusions

Similar toxicity profiles of the tested conjugates in vitro and in vivo allow us to con-
clude that the main factors influencing the differences in the activity of evaluated agents
were: differences in the value of the zeta potential and the size of the nanoparticles, as well
as the presence of various linkers (amide or ester). The results clearly show that conjugates
containing amide bonds, partially-blocked amino groups on the surface, larger particle
diameters and higher zeta potentials could be a more effective tool for therapy for cancer
and nematode infections. Considering the vadimezan mechanism of action, based on its
selective effect on blood vessel cells in the tumor environment, conjugates with vadimezan
are still valuable research objects. An antiproliferative effect of G32B128"5V in vitro against
cancer, but not normal cells, is also interesting. Therefore, the proposed drug delivery
system based on the PAMAM G3 dendrimer with partially-blocked amine groups on
the surface can be a useful tool to improve the biological properties of transported drug
molecules. Further studies on the in vivo model with implanted and perfused tumors
are necessary.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ pharmaceutics 14030606 /s1, Figure S1: The 'H-'H COSY spectrum
of G38"2E5M in DMSO-dg; Figure S2: The HSQC/HMBC combined spectra for G32"?5M in DMSO-
dg; Figure S3: The 'H-'H COSY spectrum of G38"B5V in DMSO-dy; Figure S4: The HSQC/HMBC
combined spectra for G38h4B5V iy DMSO-dg; Figure S5: Diameter of conjugates averaged by volume
(d(V)) and by number of molecules (d(N)) measured in water (A) and in acetate buffer pH 5 (B);
Figure S6: Zeta potential of conjugates measured in water (pH 7) and acetate buffer (pH 5); Figure S7:
Cytotoxicity of G38" vehicle estimated with NR (A) and XTT (B) assay after 48 h incubation with
normal fibroblasts (BJ), glioblastoma cells (U-118 MG) and squamous carcinoma cells (SCC-15);
Table S1: The 'H and 13C resonance assignments of the G38MB5Y v G38h2B5M and oM based on
COSY and HSQC/HMBC spectra in DMSO-dg.
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Figure S1. The 'H-'H COSY spectrum of G325 in DMSO-ds. The relevant cross-peaks are labeled
as follows: a — 11THM/12HM; b — 16HM/17HM; ¢ — a group of scalar coupling peaks between 14HM,
15HM, 19HM, 20HM (methyl group singlets) and 12HM, 17HM (overlapping methylene triplets); d —a
group of internal PAMAM G3 cross-peaks; e — 14HM,15HM/11HM; f — 19HM20HM/16H; g —
4HM/5HM. The chemical shifts of 'H peaks are collected in Table S1.
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Figure S2. The HSQC/HMBC combined spectra for G325 in DMSO-ds. HSQC peaks are marked
yellow-red and HMBC peaks are marked blue. The one-bond 'H-*C peaks are labeled with locant
and substituents with upper case (M, B, and #"), while the peaks within PAMAM G3 arms are labeled
according to numbering shown in Fig.2 in [29]. The chemical shifts of 'H and *C peaks are collected
in Table S1.
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Figure S3. The 'H-'H COSY spectrum of G3855V in DMSO-ds. The relevant cross-peaks are labeled
as follows: a — 7HVY/8HY; b — 2HV/1HY; ¢ - 2HV/3HY; d — co3/NH (internal PAMAM G3 cross-peak; for
detailed assignment see Fig. 2 in [29]); e — 2Hs"/2"Hsh; f — 3Hs"/3'Hsh; g — cross-peak between group
of gh CH protons (58", 681, 78") and group of OH protons (58", 6'#", 7’#") in gh; h — 4Hs"/4'Hsh; i —
9HP/8HE; j — 3Hs/2Hsh 4Hsh; k — 5Hsh/4Hsh, m — 7HB/8H®; n — 6HB/9HB; p — do-2/cos and q — bo-3/ao-3
(internal PAMAM G3 cross-peaks); r — 3HB/2HP; s — 9HP/11HB. The chemical shifts of 'H peaks are
collected in Table S1.
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Figure S4. The HSQC/HMBC combined spectra for G388V in DMSO-ds. HSQC peaks are marked
yellow-red and HMBC peaks are marked blue. The one-bond 'H-*C peaks are labeled with locant
and substituents with upper case (Y, 8, and 8"), while the peaks within PAMAM G3 arms are labeled
according to numbering shown in Fig.2 in [29]. The group of HSQC peaks between 3, 4, and 5 proton
nuclei of biotin and corresponding carbon nuclei are grouped within the circle on the map. The
chemical shifts of "H and '*C peaks are collected in Table S1.



Pharmaceutics 2022, 14, 606

5 of 7

Diameter [nm]

1600
1500
1400
1300
1200
1100
1000
900
800
700
600
500
400
300
200
100

Water

Acetate buffer pH 5

1100 ¢
1000 +
900 ¢
800
700 ¢
600
500 t
400 ¢
300
200 ¢
100

_ Edav
118 d(N)

G3%h  G39h2B5M (332B12ghSM'(53ghdB5Y (5 42B12ghsV G39"  (39n285M G32B12gh5M i 3ahB5V (332B12ghsV

Figure S5. Diameter of conjugates averaged by volume (d(V)) and by number of molecules (d(N))
measured in water (A) and in acetate buffer pH 5 (B). Data are presented as a mean * standard
deviation. ! Values for G3%%128"M were reproduced from [29].
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presented as a mean * standard deviation. ! Values for G328128"M were taken from [29].
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Figure S7. Cytotoxicity of G3s vehicle estimated with NR (A) and XTT (B) assay after 48 h incuba-
tion with normal fibroblasts (BJ]), glioblastoma cells (U-118 MG) and squamous carcinoma cells
(SCC-15). Anti-proliferative activity (C) of G38h against BJ, U-118 MG, and SCC-15 cells after 72 h of
incubation, determined with Hoechst 33342 staining. Results are presented as medians of a percent
against non-treated control (control expressed as 100%). The whiskers indicate lower (25%) and up-
per (75%) quartile ranges. * p < 0.05; Kruskal-Wallis test (against non-treated control).

Table S1. The 'H and **C resonance assignments of the G3&B5V, V, G3¢h255M and aM based on COSY
and HSQC/HMBC spectra in DMSO-ds. The superscripts: B, &, V and M are related to Biotin, gluco-
heptoamide, Vadimezan and a-Mangostin, respectively. The annotation nd means not determined
due to low intensity of resonances or overlapping with high intensity peaks from PAMAM.

Speci G3sh4Bsv Vadimezan (G38h2B5M a-Mangostin
/@1&:/ 1H 13C 1H 13C 1H 13C 1H 13C
bo3(PAMAM) 2.19 33.2 2.20 33.5
do2(PAMAM) 242 52.2 2.45 52.6
ao3 (PAMAM) 2.65 49.5 2.66 49.9
ds'(PAMAM) 3.08 37.0 3.07 37.2
co3(PAMAM) 3.13 38.3 3.13 38.6
-COO(G3) - 171.5 - 171.9
-COO(G3) - 171.8 - 173.8
NH(G3) 7.98 7.93
2B 2.05 35.3 nd nd
38, 4B, 5B 1.20-1.65 25.3 1.21 nd
38, 4B, 5B 1.20-1.65 28.1
3B, 4B, 5B 1.20-1.65 28.3
6° 3.08 55.5 nd
78 2.78 nd nd
8s 4.31 59.4 4.30 nd
98 4.13 61.2 4.12 nd
108 6.40 nd 6.40 nd
118 6.46 nd 6.48 nd
128 - 163.0 - nd
1gh - 172.5 - nd
28h 3.94 72.2 3.94 72.4
3sh 3.69 74.6 3.69 74.8
4s8h 3.85 68.1 3.86 68.3
5gh or 68h 3.46 734 3.45 73.7
58h or 68" 3.48 71.6 3.48 71.8
78h 3.60-3.30 63.3 3.60-3.30 63.5
4’gh 5'8h 6’gh 7’gh 4.54-4.43 - 5.62-4.51 -
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3’gh 4.86 - -
2'gh 5.60 - -
1v 7.98 124.5 8.09 124.6
2V 7.38 123.7 741 123.8
3V 7.73 136.7 7.79 136.7
4v - 120.6 - 120.6
5V - 144.8 - 144.8
6V - 118.9 - 118.9
7v 7.26 126.1 7.30 126.1
8V 7.88 122.7 7.92 122.7
9V - 176.5 - 176.3
10V - 153.9 - 154.0
11V or 12V - 169.6 - 169.3
13V - 153.4 - 153.5
11.15
14V, 15V 2.37 20.3 2.41 20.95
16V nd nd 3.98 35.7
17v - 173.6 - 172.0
™ - 159.9 - 160.0
M 13.73 - 13.72 -
M - 109.8 - 109.7
3M - 162.6 - 162.9
3IM - - 11.01 -
4M 6.34 92.7 6.34 92.6
4aM - 154.5 - 154.5
9aM - nd - 154.9
oM - 181.7 - 181.2
8aM - nd - 108.0
10aM - 155.1 - 155.8
5M 6.79 102.1 6.80 101.9
6M - 157.3 - 161.6
6'M - - 10.82 -
™ - 143.7 - 145.1
7'M 3.69 60.5 3.70 60.2
8M - 136.7 - 135.6
11M 3.99 26.0 4.01 26.2
2M 5.15 124.1 5.16 124.8
13M - 130.8 - 130.2
14M 1.76 18.6 1.77 18.4
15M 1.61 26.1 1.62 26.1
16M 3.19 214 3.21 21.6
17M 5.15 122.8 5.16 123.3
18M - 130.9 - 130.6
19M 1.71 18.1 1.72 18.2
20M 1.61 26.0 1.62 26.0




